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Arbuscular mycorrhiza are obligate symbionts that live in association with 
most plant roots. The fungal mycelium extracts nutritional elements from the soil, 
and supplies these to plants in exchange for plant photoassimilates. The present study 
investigated the effects of root colonization by arbuscular mycorrhizal fungi on 
growth and nutrient uptake of tomato (Solanum lycopersicum L.) and Sudan grass 
(Sorghum bicolor L.) exposed to topsoil salinity through a horizontal split-root set-
up. Roots in the upper compartment were exposed to substrate salinity, while lower 
compartment roots had access to non-saline nutrient solution. Despite roots being 
well-colonized by mycorrhizal fungi, there was no difference between mycorrhizal 
and non-mycorrhizal plants in growth, nutrient and water uptake. The results of this 
study cannot support the hypothesis that mycorrhiza fungal root colonization 
facilitates host plant uptake of nitrogen, phosphorus, potassium and water from saline 
soil. Negative effects of salinity on the functioning of the mycorrhizal symbiosis, or a 
poor functional compatibility of the symbiotic partners under prevailing experimental 
conditions might be reasons for this. In another experimental approach, effects of 
partial rootzone salinity and partial rootzone drying on growth and nutrient uptake of 
young, mycorrhizal, clonal date palms (Phoenix dactylifera L.) were compared. 
Horizontal split root containers were used in this approach, with either topsoil or 
subsoil roots exposed to salinity or drought. Results from this experiment suggest 
that mycorrhizal date palms grow better and show a higher extent of mycorrhiza 
fungal root colonization when exposed to partial rootzone drying compared with 
partial rootzone salinity. However, plants exposed to subsoil salinity had a higher 






eventually due to water saving mechanisms induced upon exposure of roots to a low 
osmotic potential. In addition to these experiments, a wide range of grafting 
techniques were tested on seedlings of Prosopis sp. for the production of double 
rooted grafts to be used in a vertical split-root assembly. In vitro grafting approaches 
produced the highest rate of success and this technique could be tested and developed 
further in future studies.  
Keywords: Arbuscular mycorrhizal fungi, nutrient uptake, root colonization, 
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 الموحدةفى النظم الجذرية تحت ظروف الملوحة غير  التطور الوظيفي لفطر الميكورايزا 
 
 الملخص 
شبكة كثيفة من بدورها تشكل التي  ،المايكورايزية الفطريات بعلاقة تكافلية معمعظم النباتات الجذور في ر تتأث
العناصر الغذائية  ونقل استخلاصعلى فتعمل هذه الفطريات . المتكافل معه تالخيوط الفطرية حول جذر النبا
الجذور  الدور الذي تلعبه لقد قامت هذه الدراسة بالتحري عن .الطاقةالحصول على مقابل  من التربة إلى النبات
لكل من نبات الطماطم  التغذية والنموفي عملية " lazihrrocym ralucsubra"مستعمرة بفطر المايكورايزا ال
 التربة تملحلتأثير  المعرضة"rolocib muhgroS "" وعشبة السودان mucisrepocyl munaloS"
من الأواني  لقد تم تعريض الجذور في الجزء العلوي خلال إجراء فصل أفقي للجذور النباتية. من السطحية
 غذائي غير ملحي. لمحلول، بينما تم تعريض الجذور في الجزء السفلي للأواني سطحية تحت الحاوية لملوحة 
وعلى الرغم من أن الجذور النباتية كانت مستعمرة بشكل جيد من قبل فطر المايكورايزا إلى إنه لم يتم ملاحظة 
والتغذية وامتصاص المياه. وبناًء على ذلك وقات بين الجذور المستعمرة وغير المستعمرة من حيث النمو أي فر
مساعدة النبات المضيف  في هذا الفطرالذي يلعبه  الدور التكافليالنظرية التي تؤيد تستطيع دعم  فإن الدراسة لا
قد يعود السبب في ذلك   من التربة المملحة. الماءو مالبوتاسيوو  رالفوسفو و النيتروجين كل من امتصاص على
 وفي إطار تجربٍة أخرى. تحت ظروف إجراء هذه التجربةفي العلاقة التكافلية  توافق وظيفي إلى عدم وجود
في تصاص المواد الغذائية امعلى عملية نمو وللنظم الجذرية  ينالجفاف الجزئيوالتملح  كل من تأثير مقارنةتمت 
استخدام طريقة في هذا الصدد فقد تم و. " المستعمرة من قبل هذا الفطرarefilytcad xineohPالنخيل " فسائل
وقد كانت  أو الجفاف.، إما بتعريض الجزء العلوي أو السفلي للجذور للتملح الفصل الأفقي للمحتوى الجذري
عند تعريض وذلك في عملية نمو أشجار النخيل إيجابي دور ب قد قامنتيجة هذه التجربة بأن فطر المايكورايزا 
النباتات المعرضة  فقد أظهرتوفي المقابل  لظروف الجفاف الجزئي بالمقارنة مع التملح الجزئي.الجذور 
لظروف التملح التحت سطحي فعالية أعلى في استخدام المياه بالمقارنة بالمعاملات المعرضة لظروف الجفاف 
آليات توفير المياه عند تعريض الجذور لمعدل ويعود السبب في هذا إلى تحسين النباتية.  الجزئي للجذور






 عمة ثنائية ليتممط، وذلك بهدف إنتاج جذور "siposorP" على أصناف أشجار الغافالمطبقة التطعيم 
معدلات أفضل  أظهرت مناهج التطعيم المخبرية وقد. استعمالها في النظام العمودي للفصل الجزئي للجذور
 في الدراسات المستقبلية.وصالح للمزيد من التطوير  النجاح، مما يجعل هذا المنهج منهجا ًموصى به 
 الكلمات المفتاحية:
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AM Arbuscular Mycorrhiza 
+S Soil amended with NaCl 
-S Soil with no NaCl addition 
+M Live mycorrhizal inoculant 
-M No live mycorrhizal inoculant 
-N Treatment with no nitrogen in the lower compartmental solution 
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The United Arab Emirates (UAE) is located in the in the Middle East region 
of Asia bordering the Gulf of Oman and the Persian Gulf, between Oman and Saudi 
Arabia. The UAE lies between 22°50′ and 26° north latitude and between 51° and 
56°25′ east longitude. The climate of the UAE is arid sub-tropical with very hot 
humid summer when the temperature goes above 45
0 
C during the months of July 
and August and warm winters with temperatures ranging from 10 to 14
0
C during the 
months of January and February. The soils are usually sandy with low organic 
matter. Increase in the salinity of soil and reduction in the availability of good quality 
water for irrigation are the two major limiting factors to successful crop plant 
production in the UAE.  
Saline soils are estimated to prevail over 7% of Earth’s land area, and this 
trend is expected to increase by up to 50% by mid twenty-first century (Wang et al., 
2003). Salinity of soil is often heterogeneous, especially in arid lands like the UAE. 
In farms and urban landscapes, plants are usually irrigated from the surface. If 
irrigated with saline ground water as in some farms of the UAE, the topsoil becomes 
highly saline because of salt deposition in surface layers after the water is lost by 
evaporation or taken up by the plants. The roots may have access to less saline 
ground water sources or saline as well. When non-saline irrigation water is used, 
roots may still be exposed to salinity in the subsoil, brought about by saline 
subsurface waters. High salinity levels in the subsoil are relatively common in 
coastal areas, and in regions where the saline groundwater table is shallow. Though 
the effect of salinity on plant growth has been widely studied, but only few 






Soil salinity negatively affects the establishment, growth and development of 
plants (Evelin et al., 2009). Toxic effects of specific ions (sodium and chloride) 
inhibit the protein synthesis, damage the cell organelles, disrupt structure of 
enzymes and uncouple photosynthesis as well as respiration (Ruiz-Lozano et al., 
2012). The saline rhizosphere environment reduces nutrient uptake and/or 
transport to the shoot, eventually leading to nutrient deficiency or imbalances of 
nutrition in the plant (Marschner, 1995; Evelin et al., 2009). Salt accumulation in 
the soil depresses the soil osmotic potential and virtually impedes water uptake by 
roots, subsequently leading to drought stress (Ruiz-Lozano et al., 2012).  
Under heterogeneous rootzone salinity, water deficiency may not affect plant 
growth much, as roots in the non-saline soil part still have access to water. However, 
roots experiencing a low water influx have been shown to produce the phytohormone 
abscisic acid (ABA), irrespective of the overall water supply status of the plant. The 
ABA is transported from the roots into the shoot, where it induces water saving 
mechanisms, such as stomata closure and a reduction in leaf expansion (Tang et al., 
2005). Increase water use efficiency in response to partial rootzone drying has been 
demonstrated frequently (Kang and Zhang, 2004), but similar studies on 
heterogeneous rootzone salinity have not yet been conducted.   
Soil organisms cooperating with plant roots have seen increased 
thoughtfulness and consideration in recent years (e.g. Reynolds et al., 2003; Van der 
Putten, 2003; Callaway et al., 2004). Inoculation with microbes having efficient 
adaptive tolerance to abiotic stresses have resulted in conferring growth, nutrition 
and survival of plants to adapt in arid/semi-arid soils (Liddycoat et al., 2009). For 
better nutrient management in semiarid areas, an increased use of the biological 






arid areas is to successfully utilize the soil biological potential to ensure assured soil 
fertility and to safeguard against water limiting effects (Zarea, 2010; Zarea et al., 
2013).  
Arbuscular mycorrhizal (AM) fungi are obligate symbionts of most plant 
species and prevalent among terrestrial biomes (Smith and Read, 2008; Pringle et al., 
2009). To improve the nutrient uptake efficiency of crop hosts, AM fungi are 
considered low input solution (Van der Heijden et al., 2015). Most plant species 
inclusive of agricultural crops do enter into a bartering symbiosis with AM fungi, 
swap-exchanging the plant sugars for fungal-sourced nutrients (nitrogen, 
phosphorus, potassium and miconutrients) (Rabie and Almadani, 2005; Hajbagheri 
and Enteshari, 2011; Verbruggen et al., 2012; Van der Heijden et al., 2015).  
AM symbioses and resource transfer can be also contemplated as communal 
profiteering of the partners’ resources (Egger & Hibbett, 2004). AM symbioses 
comprise soil nutrient transfer to plants and organic compounds (plant-derived) to 
AM fungi. A major proportion (20-50%) of plant photosynthates are transferred 
subterrain just after the photo assimilation process and consequently released to the 
soil microbes (Dilkes et al., 2004; Bahn et al., 2009; Mencuccini and Holtta, 2010; 
Cheng et al., 2012; Herman et al., 2012; Nottingham et al., 2013). This release can 
occur through direct exudation from the finer root surface or by transfer to the 
intraradical mycelium of AM fungi (Jones et al., 2004, 2009; Drigo et al., 2010). 
Root exudation and carbon transfer to AM fungi, both occur rapidly post 
photosynthesis, time-defined from a couple of hours in grasses to even days in trees 
(Johnson et al., 2002; Dilkes et al., 2004; Kuzyakov and Gavrichkova, 2010). AM 
hyphae may also stimulate surrounding soil microbial colonies by exuding carbon, 






et al., 2004; Toljander et al., 2007; Hodge et al., 2010; Cheng et al., 2012; Jansa et 
al., 2013).  
Around 80% of all land plants, involving predominant agricultural crops, are 
capable of establishing mycorrhizal symbioses (Smith and Read, 2008). It favorably 
influences plant growth and offers tolerance against stresses, both biotic and abiotic 
(Pozo and Azcon-Aguilar, 2007; Dodd and Ruız-Lozano, 2012). AM fungi augment 
the nutrient profile of their host plants (Smith and Read, 2008; Bever et al., 2009; 
Fellbaum et al., 2012; Kiers et al., 2011). AM plants do have two potential 
pathways of nutrient uptake- directly from soil or channelized through an AM 
fungal symbiont.  The fungal mycelium in soil can absorb the nutrients  beyond 
the zone depleted  through  uptake by the roots (Read and Perez- Moreno, 2003; 
Kaiser et al., 2015), so  that  they  increase  the  effectiveness  by  which  the soil  
volume  is exploited. Hyphae of AM fungi extend into soil far beyond the root 
surface or root-hair zone (up to 25cm) (Jansa et al., 2003). Because of their 
smaller diameter less than root hairs (2-15 µm) (Bago et al., 1998) they are 
capable of growing into soil pores where roots with higher diameters are not  able 
to access. AM fungus also produces branched absorbing structures which might play 
an important role as preferential sites for the uptake of nutrients by the fungal 
external mycelium (Bago et al., 1998). They are able to utilize solution-filled soil 
pores at much lower soil water potentials than roots (Smith and Read, 2008). The 
extraradical colonization of plant roots by AM fungi results in the formation of 
specialized structures, including arbuscules (organelle for the exchange of nutrients 
along with host plant) and vesicles (the storage organelle), that can appreciably 
enhance the absorbing capacity of the root for water and nutrients (Rillig and 






colonization also influences root architecture of the host plant as found in several 
studies, often increasing root branching (Olah et al., 2005; Gutjahr et al., 2009). 
Subsequently, AM symbiosis exerts a vital influence primarily onto plant growth and 
fitness (Van der Heijden et al., 2015).  
Around 80% of all land plants, involving predominant agricultural crops, are 
capable of establishing mycorrhizal symbioses (Smith and Read, 2008). It favorably 
influences plant growth and offers tolerance against stresses, both biotic and abiotic 
(Pozo and Azcon-Aguilar, 2007; Dodd and Ruız-Lozano, 2012). AM fungi augment 
the nutrient profile of their host plants (Smith and Read, 2008; Bever et al., 2009; 
Fellbaum et al., 2011; Kiers et al., 2011). AM plants do have two potential 
pathways of nutrient uptake- directly from soil or channelized through an AM 
fungal symbiont.  The fungal mycelium in soil can absorb the nutrients  beyond 
the zone depleted  through  uptake by the roots (Read and Perez- Moreno, 2003; 
Kaiser et al., 2015), so  that  they  increase  the  effectiveness  with  which  the soil  
volume  is exploited. Hyphae of AM fungi extend into soil far beyond the root 
surface or root-hair zone (up to 25cm). Because of their smaller diameter (similar 
or less than root hairs), they are capable of  growing into soil pores where roots 
with higher diameters are not  able to access. They are able to utilize solution-
filled soil pores at much lower soil water potentials than roots (Smith and Read, 
2008). The intra radical colonization of plant roots by AM fungi results in the 
formation of specialized structures, including arbuscules (organelle for the exchange 
of nutrients along with host plant) and vesicles (the storage organelle), that can 
appreciably enhance the absorbing capacity of the root for water and nutrients (Rillig 
and Mummey, 2006; Smith and Smith, 2011; Hodge and Storer, 2015). AM fungal 






studies, often increasing root branching (Olah et al., 2005; Gutjahr et al., 2009). 
Subsequently, AM symbiosis exerts a vital influence primarily onto plant growth and 
fitness (Heijden et al., 2015).  
AM fungi are ubiquitous and are known to exist in saline environment (Giri 
et al., 2003; Harisnaut et al., 2003; Yamato et al., 2008; Wilde et al., 2009; Estrada 
et al., 2013), and there is evidence that the symbiotic association between the plant 
and AM fungus helps the plant to overcome the detrimental effect of salt stress 
(Evelin et al., 2009; Porcel et al., 2012). Indeed, AM symbiosis has been construed 
to improve the tolerance of plants to soil salinity (Al-Karaki, 2000; Feng et al., 2002; 
Jahromi et al., 2008).  
Salinity inhibits not the host plant alone but the AM fungus too. It can 
interfere and/ or control the colonization capacities, spore germination abilities and 
fungal hyphal growth (Juniper and Abbott, 2006; Jahromi et al., 2008). Remarkably, 
some studies have indicated an increased AM fungal sporulation and relative 
colonization under the saline stressed conditions, or notably no effect upon the rate 
of colonization (Aliasgharzadeh et al., 2001; Yamato et al., 2008). Henceforth, the 
salinity effects on the capacities of fungal colonization are not established well and 
seem to rely on the host plant and the fungal species, as well as to the conditions of 
growth (Evelin et al., 2009). 
Arbuscular mycorrhizal fungi are obligate biotrophs and hence they are 
unable to complete their life cycle in the absence of a host plant. The AM fungi 
depend on the host plant for the necessary carbon. Under conditions of high salinity, 
availability of carbon to fungus is limited since the plants need additional energy to 






chloroplast disintegration. Hence the plants might not be able to supply the 
necessary carbon for the fungus. This will indirectly affect the AM fungus. 
As soil microorganisms, AM fungi may be less affected by salinity in their 
physiological activity compared with plants. Nutrient uptake via the mycelium may 
compensate for decreased nutrient uptake via the root surface under saline 
conditions. Under higher salinity, the fungal mycelium might protect the host roots 
from uptake of toxic levels of Na and Cl, and thus allow roots to better grow and 
function in nutrient uptake under salinity. On saline soils, mass flow makes salts 
accumulate in the rhizosphere, but the extraradical mycelium of the AM fungi can 
extend beyond this area, and access the less saline bulk soil. But the actual 
mechanisms behind this improved tolerance are not well-understood (Ruiz-Lozano et 
al., 2012). Particularly when soil salinity affects the nutrient rich topsoil, the ability 
of the plant to take up nutrients from saline soil, is of great importance.  
In many mycotrophic plants, increases in salt concentrations leads to 
increases in the dependency of plants to the mycorrhizal fungus (Giri and Mukerji, 
2004).  The higher colonization of roots and subsequently a higher nutrient uptake, 
are the prime reasons for the better performance of mycorrhizal colonized plants 
under salinity conditions (Feng et al., 2002; Plenchette and Duponnis, 2005; Porras-
Soriano et al., 2009; Shokri and Maadi, 2009; Daei et al., 2009; Miransari, 2011). In 
addition, AM species are able to step-up plant growth under salinity by affecting root 
activities and surging up plant photosynthesis (Al-Karaki, 2006; Miransari et al., 
2008; Daei et al., 2009).  
AM fungi help in the increased uptake of mineral nutrients especially 
phosphorus under conditions of higher salinity (Al-Karaki and Clark, 1998; Kaya et 






reported that mycorrhizal fungal hyphae facilitate the uptake of 80% of the plant’s 
required P. Thus improved P nutrition by AM- colonization might help the plants to 
ameliorate their growth rate under higher saline situations. According to Smith et al., 
2004, root colonization with AM fungus might lead to complete stoppage in the 
direct uptake of P by the root hairs and root epidermis and only facilitated by the AM 
fungi. The lack of plant responsiveness in the uptake of P does not mean that AM 
fungi had not contributed to the P uptake. 
Salinity also affects the acquisition and utilization of nitrogen by the plants 
(Kaya et al., 2009; Talaat and Shawky, 2014). Colonization by AM fungi can help in 
better assimilation of nitrogen in the host plant. Increased supply of carbon by the 
host plant triggers the uptake and transfer of both inorganic and organic forms of N 
by the extraradical mycelium (Fellbaum et al., 2012), leading to formation of 
arginine, the principally dominant amino acid in extra radical mycelium (Johansen 
et al., 1996; Govindarajulu et al., 2005; Jin et al., 2005) and transferred between intra 
and extraradical fungal compartments. N is transferred from fungus to plant as 
inorganic ammonium and not as amino acid. Thus, arginine delivered to intra 
radical mycelium is broken down and released ammonium is transferred to the 
plant, other breakdown products having been apparently recycled in the fungal 
tissue. Many studies have reported that increased N nutrition by mycorrhizal 
colonized roots (Kim et al., 2010; Mardukhi et al., 2011; Mardukhi et al., 2011; 
Habibzadeh et at., 2013) might help the plants to overcome the hazardous effect 
of salinity by reducing the uptake of Na ions. On one hand one might think that 
under salinity, N uptake and transfer will all work as well as under non-saline 






transport to the plant is very carbon demanding whose supply is limited by plants 
under higher salinities.  
Potassium plays a major role in plant metabolism. Under conditions of 
high salinity, plants tend to take up more Na, resulting in lower uptake of K. A 
rising tissue Na:K ratio results in the disturbance of the ionic balance of 
cytoplasm resulting in the interruption of various metabolic pathways (Giri et al., 
2007). AM fungal colonization might help plants to overcome the effects of 
salinity on K and Na uptake. Increased absorption of K by mycorrhizal 
inoculated plants under higher salinity has been reported by Alguacil et al. (2003); 
Giri et al. (2007); Sharifi et al. (2007); Zuccarini and Okurowska (2008). Increased 
K uptake and a reduced Na uptake are highly beneficial in influencing the ionic 
balance of cytoplasm (Allen and Cunningham, 1983; Founoune et al., 2002; Colla et 
al., 2008). Hammer et al., 2011 reported that AM fungi can selectively take up K 
and Ca while avoiding the uptake of Na. AM root colonization also enhance the 
uptake of Ca (Yano-Melo et al., 2003; Sharafi et al., 2007), Mg (Cekic et al., 2012; 
Talaat and Shawky, 2014) and other micronutrients (Leigh et al., 2009; Veresoglou 
et al., 2010). 
AM fungi also help in the enhanced uptake of water under stress conditions. 
The enhanced water uptake might be due to direct uptake and transport of water 
through fungal hyphae to the host plants (Augé et al., 2007), an increase in the root 
hydraulic conductance (Bárzana et al., 2014) as a consequence of increased cell-to-
cell water flux in mycorrhizal roots (Lee et al., 2010) or an improved osmotic 
adjustment (Aroca et al., 2007). 
 To which extent AM fungi can contribute to nutrient uptake from saline soil 






not distinguish between AM contributions to nutrient uptake and other beneficial 
effects of the symbiosis (e.g. water uptake). Another reason is that in many previous 
experiments, conducted under uniform rootzone salinity, host plants were severely 
salt/drought stressed, and may not have been able to supply their fungal partner with 
sufficient photoassimilates. Under uniform rootzone salinity, plants would eventually 
not even be able to utilize additional nutrients provided by the fungus, because their 
growth is limited by other factors than nutrient availability.  
Split-root containers were used to study the effects of different root 
environments including salinity and moisture variations in soil. Three horizontal split 
root experiments were carried out to study the effect of AM fungi on the nutrient and 
water uptake capabilities under water and salinity stress, either partial or complete to 
test the following hypothesis: 
1. The AM symbiosis will contribute to plant net uptake of nitrogen (N), phosphate 
(P) and potassium (K) from saline soil.  
2. The AM symbiosis will contribute to plant net uptake of water from saline soil.  
3. Particularly in plants that can tolerate high tissue Na and Cl concentrations (like 
the date palm), partial rootzone salinity will increase plant water use efficiency in a 






Chapter 1: The Contribution of Arbuscular Mycorrhizal Fungi to 
Elemental Uptake of Sudan Grass (Sorghum Bicolor L.) from Saline Soil 
 
1.1. Introduction 
Sudan grass is a tall, coarse C4 plant, commonly grown as annual or 
perennial forage in the UAE. It is highly heat and salinity tolerant. It provides 
abundant root biomass, which is useful in increasing the organic matter of the soil. 
Salinization of soil is a critical issue and a worrying constraint today which 
has reached an alarming level round the globe in arid and semi-arid areas (Giri et al., 
2003; Al-Karaki, 2006; Evelin et al., 2009; Porcel et al., 2012). Increased salinity 
levels have a detrimental effect on soil fertility and plant nutrition ultimately 
resulting in reduced plant growth.  
Arbuscular mycorrhizal (AM) fungi are ubiquitous in all tropical ecosystems, 
and form symbiotic association with roots of more than 80% of plant species  (Smith 
and Read, 2008), which can alleviate the detrimental effects of salinity (Feng et al., 
2002; Mohammad et al., 2003). This association is known to be one of the most 
ancient and prevalent strategies by the plants to overcome the harmful environmental 
stresses (Brachmann and Parniske, 2006).  
The mycorrhizal fungus colonizes the cortex of plant roots and helps the 
plants in the increased uptake of water and nutrients especially in soils with low 
nutrient availability (Barea et al., 2005). The AM fungus forms a dense network of 
hyphae that extends far beyond the reach of the plant roots and helps in the increased 
uptake of water and nutrients. The fungal hyphae can reach the root hair inaccessible 
pore spaces because of their very fine structures and extend beyond the nutrient 






approach which provides the plant with an increased availability of essential 
nutrients in soils with low nutrient availability, particularly in arid and semi-arid 
ecosystems (Allen, 2007). In return, the fungus takes up carbon in the form of hexose 
from the plant roots (Harris and Paul, 1987). This mutualistic cooperation between 
the AM fungi and the plant will be productive only as long as the nutrient and water 
increments by the plant exceed the carbon consumed by the fungi (Torres et al., 
2011). 
AM fungi do act as growth regulator and strive to mitigate the harmful effects 
of salt-stressed plants. To cope with this stress, AM fungi perform normalizing the 
plant uptake mechanisms by supplying the essential nutrients. The plant attempts 
recovering   the water balance machinery, buffer their tolerance capacities and salt 
stress endurance (Carretero et al., 2008; Porcel et al., 2012). Na often accumulates in 
the rhizosphere in plants on saline soils, due to mass flow of Na and Cl to the root 
surface. The salinity level in the area around the root can thus be far higher compared 
with the bulk soil. A mycorrhiza mycelium able to expand beyond the rhizosphere 
might be of advantage, as it can exploit a less saline environment for nutrients 
compared with the root. AM fungi thus favor plant growth against the salt stress by 
improving the host plant nutrition, increasing K/Na ratios and efficiently influencing 
osmoregulation (Porcel et al., 2012).  
Several studies have shown that AM fungal inoculation develops growth and 
productivity when plants are exposed to salt stress (Yano-melo et al., 2003; Evelin et 
al., 2009; Kumar et al., 2010; Khalil et al., 2011; Sheng et al., 2011; Porcel et al., 
2012). Stimulation of plant growth by the influence of AM symbiosis under saline 
conditions have been reported by various authors (Al-Karaki and Hammad, 2001; 






2004; Sannazzaro et al., 2007; Colla et al., 2008; Zuccarini and Okurowska, 2008; 
Porras-Soriano et al., 2009; Wu et al., 2010; Abbaspour, 2010; Khalil et al, 2011; 
Evelin et al., 2012; Campanelli et al., 2013; Yamawaki et al., 2013).  
Various studies have been undertaken to study the influence of mycorrhiza in 
the uptake of nutrients from saline soils. When plants are subjected to a range of 
different stresses simultaneously, it is quite difficult to conclude on individual 
mechanisms behind stress alleviation or adaptation. So in the present experiment, 
mycorrhizal roots were exposed to only topsoil salinity, without having the plant 
experience osmotic stress or low overall nutrient availability. Usually fertilizers are 
applied only to the upper 30cm of the soil. Thus, the situation of fertile saline topsoil 
overlaying non-saline but nutrient-poor subsoil is not so uncommon, and that the 
ability of AM to take up nutrients from the saline topsoil could make a contribution.  
Salinity affects not only plants but also AM fungi. It affects root colonization 
capacity (Juniper and Abbott, 2006; Sheng et al., 2008), delay spore germination and 
reduce hyphal growth (Cantrell and Lindermann, 2001; Juniper and Abbott, 2006). 
Being an obligate biotrophic fungus, it depends on the plants for the supply of carbon 
which is limited under salinity. AM fungi have been reported in naturally saline 
conditions (Khan, 1974; Allen and Cunningam, 1983; Pond et al., 1984; Rozema et 
al., 1986; Sengupta and Chaudhuri, 1990; Carvalho et al., 2001; Hilderbrandt et al., 
2001; Aliasgharzadeh et al., 2001; Harisnaut et al., 2003; Nasr, 2003; Wolfe et al., 
2007; Yamato et al., 2008; Wilde et al., 2009). Reduction in root colonization with 
AM fungi with increased salinity levels was reported by many authors (Hirrel and 
Gerdemann, 1980; Ojala et al., 1983; Menconi et al., 1995; Poss et al., 1985; 






In this experiment, sudan grass was grown in horizontal split-root pots. The 
upper pot was filled with soil containing either living or dead propagules of AM 
fungi. The lower pot contained an aerated nutrient solution. Depending on the 
treatment, the nutrient solution would meet the nutrient requirements for plant 
growth, except for either nitrogen, phosphorus or potassium. Plants could take up 
that particular nutrient only from the upper compartment, containing either saline or 
non-saline soil.  
This horizontal split root experiment was conducted to test the following 
hypothesis. It was hypothesized that AM fungi would not be negatively affected in 
their development by moderate soil salinity when the host plant has unlimited access 
to water and most nutrients. Another hypothesis was that AM symbiosis enhances the 
uptake of N, P and K from saline soil compared with non-mycorrhizal controls. 
 
1.2 Materials and Methods 
1.2.1 Plant material and its preparation 
The seeds of sudan grass (Sorghum bicolor L.) purchased from the local 
market were used for this study. Seeds were placed in moist filter paper and covered 
with black polythene sheet for 48 hours under room temperature for germination. 
  
1.2.2 Growth substrate and mycorrhizal inoculation 
Topsoil from a sand dune near Al Foah (24
021’03.4”N 55048’42.9” E), Al 
Ain was used as growth substrate in the present study. The location had never been 
used for agricultural purposes and had no vegetation at the time the substrate was 








C for 24 hours. It was then mixed thoroughly with a nutrient solution, adding 
elements as shown in Table 1.  
 
Table 1: Initial fertilization of the growth medium. 
Nutrient Dosage (mg/kg) Chemical used 
Nitrogen 150 NH4NO3 
Phosphorus 15 KH2PO4 
Potassium 200 K2SO4 
Magnesium 100 MgSO4.7H2O 
Iron 20 Fe EDTA 
Zinc 10 ZnSO4.7H2O 
Copper 10 CuSO4.5H2O 
 
Glomus mosseae BEG 12 was the AM fungi used for this experiment. The 
inoculum consisted of spores of Glomus mosseae in soil substrate. Out of the 1840g 
of inoculum that was available, 920g each was used as live (+M) and dead (-M) 
inoculum. Soil microbes other than AM fungi were partially washed from the 
inoculum portion for the non-mycorrhizal controls. After sterilizing it, the microbes 
were added back to the control inoculum, to make sure that approximately the same 
microflora would establish around mycorrhizal and non-mycorrhizal root systems. 
For the microbial wash, 300 ml of water was added to the inoculum in a beaker, 
mixed well for about 10 minutes and filtered through a blue ribbon filter paper. It 
was assumed that most soil microorganisms would pass through the filter paper, 
while AM spores would be retained due to their relatively big size. After double 
filtration, 110 ml filtrate was collected. After the preparation of the microbial wash, 
the inoculum was oven heated at 95
0
C for 24 hours to eliminate all fungal 






Before preparation of the media, the needed equipments in the lab were 
intensely sterilized with chlorox. The inoculum was mixed with soil at the rate of 
15% on gravimetric basis. For the -M portion, 110 ml of microbial wash prepared 
from the -M part of the inoculum along with the oven-dried dead inoculum were 
mixed thoroughly with 5 kg of sterilized and fertilized soil. Three hundred ml of 
water was added to the above prepared soil and mixed well. The +M lot was 
prepared by blending live inoculum with 5 kg of sterilized fertilized soil and 410 ml 
of water.   
The holes in the pre-cultivation trays were plugged and filled with 45 g of 
+M or -M portion of the prepared wet media per cell. One healthy germinated 
seedling was centrally planted and 10 ml of water added to each cell. The cell trays 
were kept in the greenhouse for two months at an optimum temperature and humidity 
and watered regularly. Trays with +M and -M soil were kept at a distance of 60 cm 
to prevent cross contamination.  
 
1.2.3 Construction of the split-root pots 
Small round black plastic pots of 15 cm height with a volume capacity of 2 
liters were used as upper compartment. A 5 cm diameter hole was cut into the bottom 
of the pots, and covered with a polyethylene net with a mesh width of 2 mm. The 
mesh allowed plant roots to penetrate and to grow into the lower compartment.  
Lower compartment was effectually accomplished with small cap-less plastic 
bottles. A thick layer of silicone was placed on the mouth of the containers for a 
woolsack-resting uphold of upper compartment over the lower one. The bottles were 







1.2.4 Planting and experimental set-up 
Two months after transferring the sudan grass seedlings to the germination 
trays, fine roots were collected from both +M and -M treated plants, and observed for 
the extent of AM fungal root colonization by the method of Vierheilig et al. (1998). 
It was noticed that +M treated plants were infected with fungus and -M was without 
and devoid of any fungal propagules. The plants were then transplanted to the upper 
compartment of the split root pots on 12
th
 February, 2013. The upper compartment 
was filled with sterilized and fertilized soil (Table 2).  
 
Table 2: Fertilization dosage for upper compartment pots. 
Nutrient Dosage (mg/kg) Chemical used 
High Nitrogen 250 NH4NO3 
Low Nitrogen 150 NH4NO3 
Phosphorus 25 KH2PO4 
Potassium 200 K2SO4 
Magnesium 100 MgSO4.7H2O 
Iron 20 Fe EDTA 
Zinc 20 ZnSO4.7H2O 
Copper 10 CuSO4.5H2O 
 
For maintaining a uniform soil bulk density inside the planting pots, these 
were filled in three layers. For induction of more roots downward, the lowest 600 
cm
3
 of the pot were filled with 400 g soil (8% moisture w/w) with slightly (250mg 
N/kg soil) higher dosage of nitrogen. Then 400 g of soil with lower nitrogen (150 mg 
N/kg soil), and finally 500 g added and pressed. The fertilized soil had a moisture 
content of 8% (w/w) and hence the total dry soil per pot was 1192 g.  
A healthy sudan grass plant was planted in center of each pot. Total of 32 






the greenhouse of the Al Foah Research Station and watered regularly with deionized 
water. The plants were maintained at an optimum temperature and humidity inside 




Figure 1: Sudan grass after transplanting to the upper compartmental pots. 
 
Table 3: Fertilization dosage of sudan grass 45 days after planting in upper 
compartment.  
Nutrient Dosage (mg/kg) Chemical used 
Nitrogen 250 NH4NO3 
Phosphorus 30 KH2PO4 
Potassium 150 K2SO4 
Magnesium 100 MgSO4.7H2O 
Iron 30 Fe EDTA 
Zinc 10 ZnSO4.7H2O 
Copper 10 CuSO4.5H2O 







Two months after transplanting the seedlings to the upper compartmental 
pots, 50 g of sterilized soil was taken in small plastic plates and placed underneath 
the upper compartment pots (Figure 2). Daily 50 ml of water was added twice to the 
plastic pots for inducing the plant roots to come out through the mesh in the bottom 
of upper compartment pots. 
 
 
Figure 2: Sudan grass plants root induction downwards through the mesh by keeping 
them in plastic plates with soil and adding water twice daily to the plates. 
 
At 80 days after planting, roots in all pots had grown out of the upper pots.  
Out of the 32 pots prepared for mycorrhizal and non-mycorrhizal treatments, 8 each 
were excluded from the experiment, because they had no or very few roots in the 
lower compartment. The roots protruding through the mesh of the upper pots were 
washed well with water to remove the attached soil. The lower compartment bottles 
were filled with 700 ml of deionized water containing 0.86g Calcium sulphate 
(CaSO4)/l, and the upper compartment pots placed above them so that the lower roots 
were immersed in the lower compartment solution. 
The liquid in the lower compartment was exchanged twice per week. The 






through aeration tubes provided individually to each of the lower compartments. The 
soil in the upper compartment was again fertilized (Table 4) 88 days after 
transplanting. Thereafter, the salinity and nutrient supply treatments were 
established.  
  
Table 4: Fertilization dosage of sudan grass before initiation of experiment. 
Nutrient Dosage (mg/kg) Chemical used 
Nitrogen 150 NH4NO3 
Phosphorus 20 KH2PO4 
Potassium 100 K2SO4 
Iron 20 Fe EDTA 
Zinc 10 ZnSO4.7H2O 
Copper 10 CuSO4.5H2O 
 
 
Figure 3: The lower part of the root system of sudan grass grown in pots filled with 
nutrient solution.  
 
1.2.5 Establishment of salinity and nutrient supply treatments 
The soil in the upper compartment was either or not amended with 1 g NaCl 
per kg dry soil at 90 days after planting. Four days later treatments amended with salt 






that did not receive salt (-S) served as controls. For the nutrition treatments, separate 
stock solutions of different nutrients were prepared and the final concentartions of 
the nutrients in the nutrient solution are shown in Table 5. CaSO4 was mixed with the 
nutrient solution at the rate of 0.86 g/l. Depending upon the treatment, the nutrient 
solution in the lower compartment contained all the nutrients except either N, P, or 
K. Each treatment was replicated four times (single plant per replicate), and pots 
were set up   completely randomized in the greenhouse.  
 
Table 5: Concentrations of nutritional elements in the nutrient solution. 
Nutritional element Concentration 
K 1.0 mM 
Mg 0.6 mM 
NO3 5.0 mM 
P 50 µM 
Fe 300 µM 
B 1.0 µM 
Mn 0.5 µM 
Zn 0.5 µM 
Cu 0.2 µM 
Mo 0.07 µM 
 
1.2.6 Maintenance of the experiment, and observations during the growth 
period  
The experiment was maintained for another period of four weeks after the 
establishment of the nutrient supply and salinity treatments. The nutrient solution in 
the lower compartment was replaced twice per week, and whenever the level of the 
solution in the lower compartment went below the level of roots. The lower 
compartment was always filled with 700 ml of nutrient solution. Water loss from the 






roots from the lower compartment was recorded periodically twice per week. 
Similarly the evapotranspiration from the upper compartment was also recorded 
gravimetrically. Plant height, number of leaves and tiller number were monitored on 
a weekly basis. Plant height was measured from the base of the plant to the tip of the 
youngest fully developed leaf or the tip of the panicle (if panicle is present). The total 
number of leaves present in the plant was counted as number of leaves leaving the 
dead ones. The total tiller produced by the plant is counted as tiller number leaving 
the main primary one. At the time of the set-up of the salinity and nutrient supply 
treatments, and two weeks thereafter, root samples were taken using a 1cm diameter 
cork borer. The roots were immediately stained for the examination of the AM 
fungal colonized root length.  
 
 
Figure 4: Horizontal split-root experiment on sudan grass plants, aimed at 
investigating mycorrhizal contribution to plant nutrient uptake from saline soil. 
 
1.2.7 Harvest and estimation of the total plant dry weight 
Thirty days after initiation of the irrigation treatments, total dry matter 






compartmental roots were dissected, washed well with deionized water and 
transferred to labelled paper covers. Then the shoots were harvested, washed well 
with deionized water and transferred to labelled plastic covers. The pots with upper 
compartmental roots were allowed to dry for two days. After two days, roots were 
separated carefully from the soil using a 1mm sieve. The separated roots were 
washed thoroughly initially with tap water and then with deionized water. The 
harvested plant parts were dried in a hot air oven at 65
0
C until attainment of a stable 
weight and value recorded as total dry matter.  
 
1.2.8 Root sampling and assessment of AM fungal colonized root length  
Percentage of roots infected with mycorrhiza were assessed initially (before 
starting the nutrition treatments), after two weeks and after four weeks (upper and 
lower compartment roots separately) after initiation of the nutritional treatments by a 
procedure modified after Vierheilig et al. (1998). The roots were washed carefully to 
remove adhering soil, and put into tea basketsPercentage of roots infected with 
mycorrhiza were assessed initially, after two weeks and after four weeks (upper and 
lower compartment roots separately) by the procedure of Vierheilig et al., (1998). 
The roots were washed carefully to remove the soil and put in tea baskets. The tea 
baskets with roots were immersed in 10% Potassium hydroxide (KOH) taken in a 
beaker and heated in a hot air oven at 65
0
C for 25 minutes. The roots were washed 
again in tap water and placed in vinegar for 2-3 minutes. The tea baskets containing 
roots were boiled for 5-7 minutes in 5% ink with vinegar. The stained roots were 
transferred to containers with little water and few drops of vinegar. After a day, the 
roots were observed for the presence or absence of any conceivable fungal 






The counting was done by gridline intersect method (Giovannetti and Mosse, 
1980). Root pieces each approximately 1 cm long were selected at random from the 
stained samples and mounted on microscope slides. The presence or absence of 
colonization at each intersection of root and gridline was noted from the grid of 
squares under a dissecting microscope at 40X magnification and expressed in 
percentage.   
 
1.2.9 Measurement of the element concentrations in the plant tissue 
Representative samples of shoot and root tissues were analyzed for their 
element concentrations. The dry shoots were ground into powder using a steel 
hammer mill. Roots from the upper and lower compartment were analyzed 
separately. The quantity of the root material was not sufficient to be ground by the 
mill. It was thus cut into small pieces using a scissor, before representative samples 
were taken. About 280 to 320 mg of ground or cut samples were weighed into a 
clean ceramic crucible and ashed in a muffle furnace at 550
0
C for two hours. After 
samples had cooled down, a few drops of deionized water was added followed by 2.5 
ml 1:2 nitric acid. Liquid in the crucibles were then evaporated on a hot plate. The 
crucibles with the dried samples were again placed in muffle furnace at 550
0
C for 
two hours. When cooled, 2.5 ml of 1:2 hydrochloric acid was added and the contents 
were transferred to a 25 ml volumetric flask containing one small glass bead. The 
volumetric flasks were placed on a hot plate until the contents boiled, in order to 
break down polyphosphates. When the volumetric flask reached room temperature, 
the volume was made up to 25 ml using deionized water. The contents were then 
filtered through blue ribbon whatman no. 2 filter paper, and the filtrate collected in 






sodium, iron, manganese, copper and zinc were determined from the extract using 
Inductively Coupled Plasma Optic Emission Spectroscopy (ICP_OES) Model 710-
ES, Varian, United States. The nitrogen content in shoot samples was determined by 
feeding approximately 50 mg of samples to a Vario Macro Cube CHNS Elemental 
Analyzer, Elementar Analysensysteme GmbH, Hanau, Germany.  
 
1.2.10 Statistical analysis 
The available data were statistically analyzed using SigmaStat 3.5 from 
Systat Software GmbH, Schimmelbuschstrasse 25, D-40699 Erkrath, Germany. Two 
way ANOVA was performed for the treatment comparisons at a significance level of 
p<0.05. Tukey test was used for all pairwise mean comparisons of the treatment 
groups at a significance level of p<0.05.  
 
1.3 Results 
1.3.1 Plant growth parameters 
1.3.1.1 Plant height 
All the plants that were not supplied with N, P and K from the lower 
compartment, showed an increment in plant height over the growth period, 
irrespective of the salinity or mycorrhiza treatment (Figure 5).  
+S treated plants showed a comparatively slower increase than -S treated 
plants in -N treatment (Figure 5). The increase in plant height was more pronounced 
in plants inoculated with mycorrhiza under -S conditions in the third week compared 
to mycorrhizal plants under +S conditions (Table 6). No observable variation in 






week. By the time of harvest, shoot length was in the same range for plants of the 
different nutrient supply treatments.  
 
 










Table 6: Results of the Two Way ANOVA performed on height in cm per sudan 
grass plant.  
Treatment Weeks M S M x S 
-N 0 0.108 0.338 0.400 
 1 0.206 0.548 0.164 
 2 0.357 <0.001 0.248 
 3 0.011 0.011 0.292 
 4 0.651 0.031 0.576 
-P 0 0.162 0.439 0.150 
 1 0.069 0.411 0.063 
 2 0.226 0.278 0.010 
 3 0.076 0.275 0.021 
 4 0.160 0.720 0.141 
-K 0 0.277 0.372 0.552 
 1 0.353 0.358 0.560 
 2 0.638 0.941 0.262 
 3 0.613 0.928 0.862 
 4 0.351 0.839 0.684 
Shown are the p-values. P-values indicative of a significant (P>0.05) effect of 
mycorrhizal inoculation (M), salinity (S), or an interaction between both factors (M x 
S) are printed in bold.  
 
1.3.1.2 Number of leaves 
 The number of leaves produced by the plants increased under all the 
treatments, not supplied with N, P and K from the nutrient solution (Figure 6).  
The +M plants showed a higher leaf number under +S and -S conditions 
compared with -M controls in -N treatment (Figure 6). With respect to leaves 
formed, the +S +M plants even outnumbered -S plants. A higher leaf number was 
recorded for -M compared with +M plants from the second week onwards in -P 
treatment. No variation in the number of leaves produced was noticed in -K 




















Table 7: Results of the Two Way ANOVA performed on number of leaves per sudan 
grass plant.  
Treatment Weeks M S M x S 
-N 0 0.598 0.915 0.348 
 1 0.080 0.216 0.384 
 2 0.116 0.751 0.648 
 3 0.074 0.857 0.542 
 4 0.016 0.876 0.441 
-P 0 0.849 0.571 1.000 
 1 0.293 0.048 0.293 
 2 0.017 0.192 0.146 
 3 0.007 0.395 0.132 
 4 0.031 0.540 0.204 
-K 0 0.202 1.000 1.000 
 1 0.108 0.950 0.950 
 2 0.113 0.641 0.641 
 3 0.217 0.432 o.432 
 4 0.232 0.158 0.158 
Shown are the p-values. Refer to table 6 for abbreviations. 
 
 
1.3.1.3 Number of tillers 
 Very small gain of tiller numbers was noticed throughout the experimental 
period in all the treatments when not supplied with N, P and K from the compartment 
below (Figure 7). The plants under +S levels produced more tillers than under -S in -
N treatment. The mycorrhiza inoculated plants under elevated salinity produced the 
highest number of tillers. -S treated plants produced more tillers than +S plants under 
both +M and -M conditions by the end of the experiment in -P treatment. No 
difference was noticed in tiller number between the various treatments in -K 



















Table 8: Results of the Two Way ANOVA performed on number of tillers per sudan 
grass plant.  
Treatment Weeks M S M x S 
-N 0 0.096 0.801 0.801 
 1 0.034 1.000 0.605 
 2 0.026 1.000 1.000 
 3 0.052 0.549 0.549 
 4 0.052 0.538 0.901 
-P 0 0.510 0.510 1.000 
 1 0.588 0.588 0.856 
 2 0.086 0.284 0.161 
 3 0.149 0.241 0.241 
 4 0.036 0.446 0.292 
-K 0 0.825 0.282 0.512 
 1 0.637 0.435 0.872 
 2 0.427 0.872 0.872 
 3 0.615 0.615 0.615 
 4 0.309 0.795 0.605 
Shown are the p-values. Refer to table 6 for abbreviations. 
 
1.3.2 Extent of arbuscular mycorrhiza fungal root colonization 
The extent of root colonization in the upper compartment stays approximately 
the same under both the salinity levels in -N supplemental treatment (Figure 8). 
Under -S conditions, AM colonization increased steeply between 0 and 2 weeks after 
planting, and then declined gradually under -P and -K treatments. But under +S 
levels mycorrhiza tends to reduce little by little. Generally, a decline in the AM 
infection was noticed with increase of salinity under -P and -K treatments (Table 9). 
Lower compartment roots were least colonized in all the treatments under both the 
levels of salinity.  No marked variation in the extent of root colonization in the upper 
compartment was noticed between the nutritional treatments throughout the growth 







Figure 8: Percentage of total root length colonized by mycorrhiza fungal structures in 











Table 9:  Results of the Two Way ANOVA performed on the percentage of total root 
length colonized by mycorrhiza fungal structures in sudan grass plants.  
Weeks S N S x N 
0 0.583 0.996 0.756 
2 0.003 0.488 0.021 
4 (UC) 0.008 0.909 0.101 
4 (LC) 0.732 0.666 0.963 
Shown are the p-values. Refer table 6 for abbreviations. 
 
 
Figure 9: Roots of sudan grass colonized by arbuscular mycorrhizal fungi.  
(A) Hyphae and (B) Vesicles and intraradical spores are stained in blue color. 
 
1.3.3 Evapotranspiration 
 No difference was found between the treatments in the total 
evapotranspiration of plants when not supplied with N from the compartment below 
(Figure 10). Contribution of water from the lower compartment was higher in -M 
plants compared to +M plants under no salinity. In +S conditions, upper 
compartment has contributed more to the total evapotranspiration in the -M plants 
compared to +M plants.  
The total evapotranspiration from pots with mycorrhiza inoculated plants 
under -S conditions was higher compared to both +M and -M plants under +S 






the total evapotranspiration rates in -P treatment was mainly due to the differences in 
water uptake from the upper compartment.  
 
Figure 10: Total evapotranspiration (l/pot) of sudan grass plants.  
   
When soil is non-saline, evapotranspiration from pots with +M plants is 
lower compared with the -M controls in the -K treatment. No variation was observed 
between +M and -M plants under +S condition. The -S -M plants recorded the 






uptake from lower compartment compared to -M plants. The total evapotranspiration 
is in a similar range in all the nutritional treatments.  
 
Table 10:  Results of the Two Way ANOVA performed on the evapotranspiration of 
sudan grass plants.  
Treatment M S M x S 
-N 0.571 0.640 0.640 
-P <0.001 0.055 0.200 
-K 0.440 <0.001 0.013 
Shown are the p-values. Refer to table 6 for abbreviations. 
 
1.3.4 Total plant dry matter at the time of harvest 
No variation in the total dry matter was noticed between the salinity and 
mycorrhizal treatments in all the three nutritional treatments (Figure 11). No 
variation was observed in the total dry matter produced between the three nutritional 
treatments from the results of Three Way ANOVA performed between the treatments 
(Table 11). The shoot root ratio between the treatments also remained the same 
between the salinity and the mycorrhizal treatments from the results of Two Way 
ANOVA (data not shown).  
 
Table 11:  Results of the Two Way ANOVA performed on the total dry matter 
produced by sudan grass plants.  
Treatment M S M x S 
-N 0.357 0.170 0.512 
-P 0.268 0.840 0.913 
-K 0.779 0.159 0.567 







   
Figure 11: Total dry matter (g/plant) produced by sudan grass plants.  
 
1.3.5 Plant nutritional status, and total plant element uptake 
1.3.5.1 Nitrogen 
No significant variation in shoot N concentration (Table 12; Table 13) and 
content (Figure 12) was observed among the treatments. But it is very obvious that 
the -N plants had a far lower N content compared with -K and -P (Figure 12). There 







Table 12: N concentration (mg/g dry weight) in the shoots of sudan grass plants.  
  -N -P -K 
 



































Table 13: Results of the Two Way ANOVA performed on the N concentration of 
sudan grass shoots.  
Treatment M S M x S 
-N 0.778 0.393 0.702 
-P 0.121 0.931 0.723 
-K 0.993 0.122 0.973 
Shown are the p-values. Refer to table 6 for abbreviations. 
 
1.3.5.2 Phosphorus 
 In the treatments with -N supplied with the nutrient solution, the 
concentration (Table 14) and content of P in shoots (Figure 13) was higher in +M 
plants under -S conditions. All the plants under no additional supply of phosphorus 
from the lower compartment showed no variation in P content and concentration 
under +S and -S conditions. Though +M plants had a higher P concentration under 
+S when extra potassium was not supplied from the lower container, the total P 
content remained the same. 
In the absence of N supply from lower compartment, the P concentration 
(Table 14) and content of upper compartment roots (Figure 14) was on par between 
+M and -M plants under conditions of +S and -S in the upper compartmental roots. 
In plants without phosphorus supply from the lower container, the P concentration 
and content were comparable in all the treatments with no marked difference 
between them. The plants with no additional K from beneath, +M plants showed 









Figure 13: P content (mg/shoot dry weight) in the shoots of sudan grass plants.  
 
With no added nitrogen, the P concentration (Table 14) and content of lower 
compartment roots (Figure 14) were similar and undifferentiated irrespective of 
mycorrhizal and salinity treatments. The +M plants contained less P than -M plants 






of the lower compartment was higher under +M treatments under both +S and -S 
circumstances when not given supplemental K. But the content was the same in all 
the treatment plants. 
 
Table 14: P concentration (mg/g dry weight) in the sudan grass plants.  
Plant 
organ 
   -N  -P -K 
 
-S +S -S +S -S +S 












































































Means (±SD) for shoot, upper (UC) and lower (LC) compartmental roots within each 
nutrition treatment which are labeled with different letters are significantly different 
(p<0.05, n=4) by Tukey’s test.  
 
The P content in the shoots of -P plants was similar compared with -N and -K 
plants (Figure 13). It is also interesting to note that P concentrations in roots in the 
lower compartment were higher compared with roots in the soil compartment and the 
shoot in all treatments, including -P. The effect seems most pronounced in -K (Table 
14). Though total P content in the +M plants was comparatively higher than -M 
control plants under -S situations in -N treatment (Table 16), no variation was 








Figure 14: P content in upper (UC) / lower (LC) compartmental roots in mg per 
sudan grass plant.  
 
Table 15: Results of the Two Way ANOVA performed on P concentration of sudan 
grass plants.  
Plant part Treatment M S M x S  
Shoot -N 0.075 0.009 0.172 
 -P 0.004 <0.001 0.001 
 -K 0.040 0.852 0.024 
Roots UC -N 0.353 0.589 0.004 
-P 0.029 0.614 0.108 
-K 0.002 0.359 0.029 
Roots LC -N 0.824 0.099 0.311 
-P <0.001 0.527 0.771 
-K 0.068 0.005 0.996 






Table 16: Total P content (mg/plant dry weight) in sudan grass plants.  
 -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 
are significantly different (p<0.05, n=4) by Tukey’s test.  
 
1.3.5.3 Potassium 
In the absence of nitrogen from the lower compartment, the K concentrations 
(Table 17) of +S plants were higher in comparison to -S plants. Also the shoots of 
+M plants contained more K concentrations even at higher salinity levels. But no 
difference was noticed in the K content (Figure 15) among the treatments. K 
concentration and content was equal in all the treatments with no phosphorus and 
potassium addition from below under both salinity and AM levels.  
The K concentration (Table 17) and content (Figure 16) among the treatments 
were not significantly different in the roots of the upper compartment without supply 
of nitrogen from lower container. Among plants not supplied with phosphorus from 
the lower compartment, concentrations of K were higher in plants grown in -S soil. 
But the +M plants under +S condition also contained more K in their upper 
compartmental roots. But the K content remained the same. A higher comparable K 
concentration was noticed in the upper compartment roots of +S +M plants even 
though not supplied with potassium from below. No variation in the total K content 
was noticed between the salinity and mycorrhizal treatments.  
A higher concentration of K was found in +M lower compartmental roots 






container (Table 17). The K content in all the treatments maintained at the same level 
in all the treatments and for all plant organs.  
 
 








Figure 16: K content in upper (UC) / lower (LC) compartmental roots in mg per 
sudan grass plant.  
 
Table 17: K concentration (mg/g dry weight) in sudan grass plants.  
Plant 
organ 
  -N  -P  -K 
 -S +S -S +S -S +S 







































































Means (±SD) for shoot, upper (UC) and lower (LC) compartmental roots within each 
nutrition treatment which are labeled with different letters are significantly different 






Table 18: Total K content (mg/plant dry weight) in sudan grass plants.  
 -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 
are significantly different (p<0.05, n=4) by Tukey’s test.  
 
Though the plants were not supplied with K in the -K treatment, the K 
content in the shoots and roots were in the range as in -N and -P treatments. 
Variation was not observed in the total K content also (Table 18). No variation in the 
total K content was observed between the salinity and mycorrhizal treatments at the 
different nutritional status of -N, -P and -K.  
 
Table 19:  Results of the Two Way ANOVA performed on K concentration of sudan 
grass plants.  
Plant part Treatment M S M x S 
Shoot No N 0.287 <0.001 0.692 
 No P 0.323 0.783 0.172 
 No K 0.812 0.392 0.703 
Roots UC No N 0.238 0.370 0.426 
No P 0.907 0.001 0.300 
No K 0.444 0.017 <0.001 
Roots LC No N <0.001 <0.001 <0.001 
No P <0.001 <0.001 0.335 
No K 0.249 0.125 <0.001 







1.3.5.4 Base cations other than Potassium 
Sodium: All the +S plants had comparatively higher concentrations of Na in 
their shoot and root tissue irrespective of the nutrient supply treatments (Table 20). 
No difference was observed between the +M and -M plants under both salinity 
treatments. A difference in Na content was evident only for the shoots (Figure 17), 
but not the roots (Figure 18). Both upper and lower compartmental roots did not 
show any difference in the content of Na between the salinity and AM treatments.  
No marked difference in the total content of Na was noticed under +S and -S 
conditions in all the nutritional treatments (Table 21). No difference was observed in 
the total Na content of plants under different nutrient supply treatments as seen from 
the result of Three Way ANOVA performed between them (data not shown).  
 
 
Figure 17: Na, Ca and Mg contents (mg/shoot dry weight) in the shoots of sudan 







Calcium: The shoots of the -M plants contained higher Ca concentration 
under +S conditions and comparable amounts under both AM treatments when not 
supplied with nitrogen from the lower compartment (Table 20). The plants not 
supplied with phosphorus through the lower compartment, +M plants contained more 
Ca concentration in their shoots at +S conditions. No difference in Ca concentration 
was found in the shoots under both AM and salinity levels when not given additional 
potassium from below. The Ca content of the shoots was similar under both AM and 
saline conditions (Figure 17).  
Higher Ca concentration was measured in the +M inoculated roots of the 
upper compartment at +S levels compared to -S when not given additional supply of 
phosphorus from lower compartment (Table 20). +M plants in the absence of 
potassium supply from the lower compartment contained lower Ca concentration in 
their upper compartmental roots than -M plants under -S conditions. No variation in 
the content of Ca
 
was noticed in the upper compartmental roots between the different 
treatments (Figure 19).  
More Ca concentration was present in the -M roots of lower compartment 
compared to +M roots at higher salinity levels when not given additional supply of 
potassium from the lower compartment (Table 20). No variation in the content of Ca
 
was noticed in the upper compartmental roots between the different treatments 
(Figure 19). No variation was noticed in the total content of Ca in Sudan grass plant 










Table 20: Concentration (mg/g) of Na, Ca and Mg in sudan grass plants.  
    -N -P  -K 
Sodium 
 
-S +S -S +S -S +S 













































































      













































































      











































































Means (±SD) for shoot, upper (UC) and lower (LC) compartmental roots within each 
nutrition treatment which are labeled with different letters are significantly different 













Table 21: Total Na content (mg/plant dry weight) in the sudan grass plants.  
 -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 
are significantly different (p<0.05, n=4) by Tukey’s test.  
 
 
Figure 18: Na content in upper (UC) / lower (LC) compartmental roots in mg per 










Table 22: Results of the Two Way ANOVA performed on Na, Ca and Mg 
concentration of sudan grass plants.  
 Treatment M S M*S 
Sodium     
Shoot No N 0.644 <0.001 0.945 
 No P 0.568 <0.001 0.975 
 No K 0.079 <0.001 0.053 
Roots UC No N 0.190 <0.001 0.590 
No P <0.001 <0.001 0.002 
No K 0.882 <0.001 0.390 
Roots LC No N <0.001 <0.001 0.078 
 No P 0.010 <0.001 0.037 
 No K 0.026 0.014 0.008 
Calcium     
Shoot No N 0.664 <0.001 0.004 
 No P 0.141 0.049 0.033 
 No K 0.026 0.131 0.426 
Roots UC No N <0.001 <0.001 0.009 
 No P 0.496 <0.001 <0.009 
 No K 0.005 0.016 0.008 
Roots LC No N 0.002 0.388 0.671 
 No P 0.250 0.061 0.808 
 No K 0.074 0.146 0.017 
Magnesium     
Shoot No N 0.847 <0.001 0.286 
 No P 0.571 0.096 0.266 
 No K 0.102 0.195 0.192 
Roots UC No N 0.049 <0.001 <0.001 
 No P 0.177 0.028 0.325 
 No K 0.033 0.279 0.033 
Roots LC No N 0.776 0.593 <0.001 
 No P <0.001 <0.001 <0.001 
 No K 0.993 0.188 <0.001 














Table 23: Total Ca content (mg/plant dry weight) in sudan grass plants.  
 -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 
are significantly different (p<0.05, n=4) by Tukey’s test.  
 
 
Figure 19: Ca content in upper (UC) / lower (LC) compartmental roots in mg per 
sudan grass plant.  
 
Magnesium: The Mg concentration in the shoot of -M plants grown under +S 
conditions (Table 20) was higher compared to -S conditions, under the -N treatment. 






the -N treatment under +S compared to -S conditions. In the -P and -K treatments no 
variation in the Mg concentration was observed, depending on the AM status or the 
soil salinity level.  
 
 
Figure 20: Mg content in upper (UC) / lower (LC) compartmental roots in mg per 
sudan grass plant.  
 
No variation was observed in the Mg content of shoot and upper 
compartmental roots in all the nutritional treatments. The Mg content of roots 
growing in the nutrient solution was higher for +M compared with -M plants when 
no N was supplied, and the soil in the upper compartment was -S (Figure 20). When 
no P was supplied, -M plants had a higher Mg concentration in their lower 






of the soil was low. No difference was noticed in the total Mg content in the various 
nutritional treatments (Table 24). 
 
Table 24: Total Mg content (mg/plant dry weight) in the sudan grass plants.  
 -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 
are significantly different (p<0.05, n=4) by Tukey’s test.  
 
1.3.5.5 Micronutrients 
Copper: In the -K treatment, -M plants showed a decrease in Cu 
concentration in their upper compartmental roots in response to salinity, but no such 
effect was observed in +M plants (Table 25). No difference was evident in the Cu 
concentration of -N and -P treatments in all the plant organs. No variation was 
noticed in the Cu content in various plant organs (Figures 21, 22) and total Cu 
content of plant (Table 27). Cu concentrations and content (Figure 22) are generally 
much higher in roots obtained from soil compared with shoots or roots obtained from 
nutrient solution.  
 
Manganese: Mn concentrations (Table 25) were commensurate between +M 
and -M shoots under both the salinity levels when not given any phosphorus addition 
and potassium from below. Under the -N treatment, -M plants showed an increase in 
Mn concentration in their shoots and upper compartmental roots in response to 
increasing salinity, but no such effect was observed for +M plants. Though the Mn 






(Figure 23), no difference was observed in the shoot (Figure 21). Similarly, no 
difference was noticed in total Mn uptake also between the treatments (Table 28).  
 
 




















Table 25: Concentration Cu, Mn, Fe and Zn in the sudan grass plants.  
   -N -P -K 
  -S +S -S +S -S +S 
Copper (μg/g dry weight)` 
    
Shoot -M 24.9±9.0 a 48.2±23.4 a 23.5±4.8 ab 43.8±9.0 b 31.1±10.9 a 31.0±12.3 a 









































+M 62.0±27.0 a 112.8±11.9 a 62.0±26.2 a 113.6±29.0 a 165.7±72.9 a 140.5±58.2 a 
Manganese (μg/g dry weight) 
    
Shoot -M 35.9±5.0 a 64.4±12.7 b 52.6±6.9 a 62.0±11.7 a 44.0±10.2 a 51.9±12.6 a 
































































Iron (mg/g dry weight) 
Shoot -M 0.3±0.1 ab 0.4±0.1 b 0.2±0.1 a 0.2±0.1 a 0.1±0.1 ab 0.2±0.1 ab 
 +M 0.1±0.02 a 0.2±0.1 ab 0.3±0.1 a 0.3±0.1 a 0.1±0.1 a 0.2±0.1 b 
Roots 
UC 
-M 1.7±0.2 ab 1.7±0.2 ab 1.9±0.2 a 2.3±0.3 ab 1.7±0.1 ab 2.2±0.4 ab 
+M 2.6±0.3 b 1.5±0.3 a 2.1±0.1 ab 2.4±0.2 b 1.3±0.1 a 3.0±0.3 b 
Roots 
LC 
-M 1.1±0.1 ab   1.2±0.1 ab 0.5±0.1 a 0.5±0.1 a 0.9±0.1 ab 0.8±0.1 a 
+M 0.6±0.2 a 1.9±0.2 b 1.4±0.2 b 0.9±0.1 ab 1.1±0.1 b 0.8±0.1 a 
Zinc (μg/g dry weight) 












































































Means (±SD) for shoot, upper (UC) and lower (LC) compartmental roots within each 
nutrition treatment labeled with different letters are significantly different (p<0.05, 







Table 26: Results of the Two Way ANOVA performed on Cu, Mn, Fe and Zn 
concentration of sudan grass plants.  
 Treatment M S M x S 
Copper     
Shoot -N 0.843 0.003 0.919 
 -P 0.181 0.002 0.250 
 -K 0.351 0.863 0.842 
Roots UC -N 0.436 0.068 0.110 
 -P <0.001 <0.001 0.015 
 -K 0.813 0.001 0.013 
Roots LC -N 0.749 0.460 0.025 
 -P 0.254 0.189 0.246 
 -K 0.667 0.758 0.591 
Manganese     
Shoot -N 0.040 0.003 0.005 
 -P 0.170 0.061 0.634 
 -K 0.522 0.035 0.332 
Roots UC -N 0.896 0.006 <0.001 
 -P 0.054 0.005 0.031 
 -K <0.001 <0.001 0.215 
Roots LC -N 0.743 0.062 <0.001 
 -P 0.010 0.012 0.316 
 -K 0.140 0.322 0.002 
Iron     
Shoot -N <0.001 0.028 0.342 
 -P 0.022 0.730 0.445 
 -K 0.195 0.002 0.042 
Roots UC -N 0.009 <0.001 <0.001 
 -P 0.014 0.575 <0.001 
 -K 0.129 <0.001 <0.001 
Roots LC -N 0.527 <0.001 <0.001 
 -P <0.001 0.002 0.002 
 -K 0.037 0.001 0.041 
Zinc     
Shoot -N 0.531 <0.001 0.273 
 -P 0.047 0.181 0.050 
 -K 0.006 0.463 0.012 
Roots UC -N 0.025 0.009 0.003 
 -P 0.176 0.101 0.649 
 -K 0.211 0.505 0.240 
Roots LC -N 0.060 0.070 0.406 
 -P 0.002 <0.001 0.027 
 -K 0.219 0.023 0.294 











Table 27: Total Cu content (mg/plant dry weight) in sudan grass plants.  
 -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 




Figure 22: Cu content in upper (UC) / lower (LC) compartmental roots in mg per 












Table 28: Total Mn content (mg/plant dry weight) in sudan grass plants.  
 -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 
are significantly different (p<0.05, n=4) by Tukey’s test.  
 
 
Figure 23: Mn content in upper (UC) / lower (LC) compartmental roots in mg per 
sudan grass plant.  
 
 Iron: In the -N treatment, +M plants respond to salinity with a decrease in Fe 
concentrations in roots in the upper compartment, and increase in Fe concentrations 






to salinity with an increase in Fe concentrations in roots in the upper compartment, 
while concentrations in roots in the nutrient solution decline with increasing salinity. 
  
 
Figure 24: Fe and Zn content (mg/shoot dry weight) in the shoots of sudan grass 
plant.  
 
Table 29: Total Fe content (mg/plant dry weight) in the sudan grass plants.  
 -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 
are significantly different (p<0.05, n=4) by Tukey’s test. Refer to figure 11 for 
abbreviations. 
 
Roots in the upper soil compartment seem to have higher Fe concentrations 






in concentrations were noticed between the treatments, Fe content in different plant 
organs remained the same irrespective of the treatments (Figures 24, 25). No 
difference was noticed in total Fe content also between the treatments (Table 29). 
 
 
Figure 25: Fe content in upper (UC) / lower (LC) compartmental roots in mg per 
sudan grass plant.  
 
Zinc: A higher Zn concentration was shown by +M shoots under conditions 
of high salinity compared to non-saline +M plants (Table 25) in the -N treatment. But 
a reverse was seen in the upper compartmental roots of the same treatment. A slight 
decrease by +M plants and a slight increase by -M plants in Zn concentration were 
noticed in -K treatment. These differences were not reflected in the Zn content 








Figure 26: Zn content in upper (UC) / lower (LC) compartmental roots in mg per 
sudan grass plant.  
 
Table 30: Total Zn content (mg/plant dry weight) in the sudan grass plants.  
  -N -P -K 

























Means (±SD) within each nutrition treatment which are labeled with different letters 
are significantly different (p<0.05, n=4) by Tukey’s test.  
 
1.4 Discussion 
 Soil salinity significantly depresses the absorption of mineral nutrients, 
especially P. Under salt stress, the root might be physiologically impaired in taking 






of P into the xylem under salinity. Poorer membrane integrity also leads to leaking of 
nutrients out of the cytoplasm. In this study, though increase in the concentration of 
P was observed in -N treatment plants by AM inoculation under +S and -S situations, 
total P contents were increased by mycorrhiza under -S conditions only. Bohrer et al. 
(2001) reported a significant depletion of available P in the soil by the presence of 
mycorrhizae. According to Jakobsen et al. (1992) AM fungus P uptake efficiency 
was hindered strongly by soil hyphal spatial distribution and also by the differential 
uptake capacities per unit length of hyphae. The optimum P concentration for growth 
of sudan grass ranges from 3.5-5 mg per gram dry weight (Romheld, 2012). In this 
study, none of the experimental plants were able to draw sufficient amounts of P 
required for optimum growth. The reduction in P concentration in -M plants in the 
present experiment may be due to the reduced P fertilization levels followed for 
enhancing the growth of mycorrhiza in the +M treatments. Lower P fertilization was 
followed since root colonization by mycorrhiza is often inversely correlated with soil 
P availability (Jakobsen et al., 2005; Shukla et al., 2012; Negrete-Yankelevich et al., 
2013). According to Smith et al., 2003, under AM colonization all the P present in 
the plant was supplied by the mycorrhizal pathway and not taken up by the root 
hairs. The total P taken up by the plant might be the contribution of AM fungi. 
 In treatment with no supplemental phosphorus in the present study, no 
difference in P content was observed between the +M and -M plants under both 
salinity situations in shoot and roots. The very low phosphorus fertilization and 
decrease in AM colonization rate overtime may be the possible reason for the low P 
content of plants with no additional P supplementation from below. The uptake of P 
by the +M plants may also have lowered in an excessive salt concentration due to the 






Salinity also interferes with the uptake and utilization of nitrogen by the 
plants (Aslam et al., 1984, Frechill et al., 2001). Under high saline conditions, AM 
fungi help the host plant to improve the assimilation of nitrogen (Porras-Soriano et 
al., 2009; Kaya et al., 2009). The dense network of hyphae produced by the fungus 
elevated the uptake of nitrogen that is far beyond the reach of root hairs. Also the 
hyphae can go beyond the nutrient depletion zone of the roots and help in the 
increased assimilation. In the present study, no differences in the concentration and 
content of N in the shoot were observed in all the treatment plants irrespective of the 
salinity or AM treatments. Similarly, the plants under -N treatment showed a lower N 
content in the shoot compared to -P and -K treatments. Plants under the -N treatment 
were not able to take up N from the upper compartment soil and not supplied from 
the lower compartment. All treatment plants recorded less N concentration than the 
stipulated optimum level of 30 to 42 mg per gram of dry weight (Romheld, 2012) of 
leaves required for optimum plant growth. Though higher accumulation of N in 
shoots of AM plants has been widely reported by Giri and Mukerji (2004); Murkute 
et al. (2006); Garg and Manchanda (2008); Kaya et al. (2009); Porras-Soriano et al. 
(2009); Mardukhi et al. (2011), all experimental plants in present experiment showed 
a deficiency of N.  
 Under conditions of higher salinity, plants tend to take up more Na and less 
K. Na ions compete with K ions that are necessary for various metabolic functions 
(Evelin et al., 2009). This holds true for this experiment too on Sudan grass. The 
K/Na ratio of total content ranged from 5.22 to 5.85 for non-saline treated plants and 
1.98 to 2.74 for saline treated plants. No variation was observed in the K/Na ratio 
between +M and -M plants. Though the K concentration varied among the 






were able to take up sufficient K required for optimum growth of Sudan grass plant. 
The conducive range of K for good growth of Sudan grass has been slated between 
25-35mg per g dry weight (Romheld, 2012). Even AM colonization was incapable of 
stimulating the uptake of this nutrient. Enhanced K absorption under saline 
conditions by AM colonization had been extensively worked upon and reported by a 
host of researchers (Mohammed et al., 2003; Alguacil et al., 2003; Zandavalli et al., 
2004; Rabie and Almadini, 2005; Giri et al., 2007; Sharifi et al., 2007; Zuccarini and 
Okurowska, 2008; Porras- Soriano et al., 2009; Kaya et al., 2009; Wu et al., 2010; 
Talaat and Shawky, 2011; Mardukhi et al., 2011). Though the plants were not 
supplied with K from the lower compartment in -K treatment, they showed 
comparable K content as -N and -P treated plants. It is more likely that -N and -P 
treated plants were not able to take up K from the lower compartment solution.   
In the current trial, mycorrhiza was unable to reduce the uptake of Na as seen 
in the high shoot Na content. A higher Na uptake due to salinity upsets the ionic 
balance in the cytoplasm, resulting in the disturbance of various metabolic pathways 
(Giri et al., 2007). Lower Na content in the roots of the upper compartment 
suggested that the absorbed Na is translocated to the shoots and further uptake might 
be limited by AM influence. Evelin et al., 2012 reported that AM colonization 
blocked the excess uptake of Na at increasing salinity in the soil. The concentration 
of Na increases with increase in salinity in AM infected plants up to a particular 
limit, decreasing afterwards beyond that limit. AM fungi might have buffered the 
uptake of Na when the content of Na is within the acceptable limits (Allen and 
Cunningham, 1983; Evelin et al., 2009; Hammer et al., 2011). Though the shoot 
showed a higher Na content at higher salinity, no variation was observed in the total 






maximum threshold limit of Na for Sudan grass has been reported as 4 mg per g dry 
weight (Kirkby, 1992). All the salinity treated plants showed more than the upper 
limit of Na concentration in the various plant organs.  
Feldman et al. (2009) suggested that for effective plant AM symbiosis, the 
percentage of root infection should be more than 20. In the current study, more than 
20% root colonization was observed in all the treatments initially before the 
commencement of the experiment.  
Salinity, not only negatively impacts the host plant but also the AM fungi. It 
can hamper spore germination, hyphae growth in soil, or hyphal spreading after the 
initial infection (Talaat and Shawky, 2011; Porcel et al., 2012; Cekic et al., 2012; 
Ruiz-Lozano et al., 2012). A gradual decrease in the percentage of root colonization 
was noticed under +S condition in -P and -K treatments in the present experiment. 
Colonization of plant roots by some AM fungus lessened with higher salinity levels 
(Juniper and Abbott, 2006; Giri et al., 2007; Jahromi et al., 2008; Sheng et al., 2008). 
The decrease in the colonization may be due to the direct influence of salinity on the 
AM fungi (Tian et al., 2004; Juniper and Abbott, 2006; Sheng et al., 2008).  
As opposed to the above results, no decrease in the AM colonization rate with 
increase in the salinity level had been reported by Levy et al. (1983); Hartmond et al. 
(1987); Yamato et al. (2008), as noticed in -N treatment in this present trial. It has 
also been recorded that the deleterious effect of salt on the fungal spore germination 
could be avoided by pre-inoculation of the transplant with AM fungus (Cantrell and 
Lindermann, 2001; Al-Karaki, 2006).  
 In the present study, mycorrhiza had not much influenced the total quantity of 
water consumed by the plant under higher salinity. This may be probably due to the 






supply of water through the roots of the lower compartment at both the salinity 
levels. No difference in the total dry matter was observed between the treatment 
plants. Since all the treatment plants showed deficiency of three major nutrients N, P 
and K none of the treatment plants were able to show an increased dry matter even 
under AM influence.  
 In the present experiment, all the plants showed enough Ca in their shoot. 
According to Romheld (2012) the optimum elemental Ca concentration in the shoot 
of Sudan grass limits between 4-10 mg per gram of dry weight. Though differences 
in Ca concentrations were present, the Ca content remained the same in the various 
salinity and AM treatments. A higher Ca concentration was repor t ed  in +M than 
in -M plants by Cantrell and Linderman (2001); Yano-Melo et al. (2003); Sharafi 
et al. (2007). However, no enhancement in the uptake of this nutrient was afforded 
by mycorrhiza in the present experiment. The Ca/Na ratio of total content ranged 
from 3.17 to 3.75 under non-saline conditions and 0.95 to 2.0 under saline 
conditions.  
In the present experiment, almost all the treatment plants possessed even Mg 
content under both the salinity levels. Salinity had not impaired the uptake of this 
nutrient and mycorrhiza had not increased the uptake. However increased Mg in +M 
plants had been recorded by Raghothama (2000); Murkute et al. (2006); Wu et al. 
(2010); Khalil et al. (2011); Cekic et al. (2012); Talaat and Shawky (2014). Effective 
Mg
 
uptake helps by increasing the chlorophyll concentration and hence improving 
photosynthetic efficiency and plant growth. Optimum Mg concentration for Sudan 
grass is between 2-5 mg per gram dry weight of shoot (Romheld, 2012). All the 
plants in all the treatments recorded the required concentration of Mg under both 






Higher Cu, Mn, Fe and Zn concentration was seen in all the treatment plants 
under high salinity. Mycorrhiza had not influenced the increased uptake of these 
nutrients. No variation in the total content of these elements was observed between 
the treatments. All the treatment plants recorded more than the optimum element 
concentration range of 6-12 μg per gram dry weight of Cu, 35 to 100 μg per gram dry 
weight  of Mn and 25 to 70 μg per gram of dry weight of Fe (Romheld, 2012) in their 
shoots required for a better growth of sudan grass. All the treatment plants showed 
enough concentration of Fe in their various plant organs and are not considered a 
limiting factor under higher salinity of Sudan grass. No effect of AM fungi on plant 
micronutrient nutrition was reported by Aryal et al. (2003); van der Heijden et al. 
(2006); Khalil et al. (2011). 
 
1.5 Conclusion 
 This horizontal split-root study was conducted to examine the effect of 
mycorrhiza on the growth and nutrient acquisition of Sudan grass under saline 
conditions. Contrary to the results reported by other authors, AM fungal inoculated 
plants did not differ in their performance from non-mycorrhizal controls in this 
study. AM fungal inoculated plants did not enhance the uptake of N, P and K from 
saline soil. It is possible that the fungal strain was not adapted to climatic and soil 
conditions of the UAE. The extent of AM fungal root colonization was reduced in 
response to salinity, while plant growth remained unaffected. This suggests that there 








Chapter 2: The Contribution of Arbuscular Mycorrhizal Fungi to 




Excessive salinization of soil forms a chief ecological and agronomical   
problem in arid and semi-arid regions (Giri et al., 2003; AI-Karaki, 2006). Soil 
salinity affects the establishment, growth, and development of plants causing 
major loss of yield (Evelin et al., 2009). Soil salinity on Earth eventually leads to 
terrible loss in agricultural productivity and directly influence the lives of humans 
and animals thereby (Aggarwal et al., 2012). Increased salinity levels not only limits 
plant growth and yield but also leads to cell death in severe cases. This is mainly due 
to ionic imbalances, nutritional insufficiencies and also due to changes in osmotic 
effects (Zhang et al., 2010; Wu et al., 2010; Koyro et al., 2012; Hameed et al., 
2014). 
In the areas with optimal climate for tomato cultivation, increased salinity 
levels pose grave constraints (Yurtseven et al., 2005). Tomato is a moderately salt 
tolerant crop (Maas, 1986) with considerably existent cultivar differences (Dasgan et 
al., 2002). Salt stress has been found to affect a host of physiological processes 
leading to growth and yield reduction in tomato (Yurtseven et al., 2005).  
Many physiological and biochemical processes get harmed by salinity, 
particularly the nitrate assimilation that has a pivotal influence on plant growth 
(Gouia et al., 1994, Silveira et al., 2001). Salt-osmotic effects activated by NaCl 
initially can disrupt root membrane integrity (Carvajal et al., 1999), influence 






incite restriction in the loading of nitrate into root xylem (Abd-El Baki et al., 2000).  
Under higher salinity, phosphorus is not readily available as phosphates precipitates 
with some of the cations such as Ca, Mg and Zn. When salt concentration in the soil 
is high, plants tend to take up more Na resulting in decreased K uptake. Na ions 
directly compete with K for binding sites that are invariably indispensable for wide 
metabolic functions (Evelin et al., 2009). Under higher salinities, plants usually have 
reduced root growth rate which may further curtail the root uptake capacities.  
Elemental composition and concentration of soluble salts in root-zone 
medium solution are known to influence plant growth, by creating both osmotic 
imbalance and via specific physiological ionic toxicities (Zarea et al., 2013). 
Osmotic stress lowers the potential energy of the solution and causes growth 
reduction due to the additional energy required by plants to take up water (Ben-Gal 
et al., 2009). Salt in soil water inhibit plants’ ability to take up water and this leads to 
stunted growth. This is the osmotic or water-deficit effect of salinity (Munns, 2005). 
AM fungi are known to act as selective filters, as a support system for their host 
plants in soil mineral nutrient uptake and as salinity stress alleviator (Estrada et al., 
2013a; Joner et al., 2000; Mardukhi et al., 2011). The helpful effects of AM fungi 
under salinity stress conditions may be related to mycorrhiza-mediated effects on 
improved water absorption, increased nutrient uptake, and enhanced photosynthetic 
activity (Mukerji and Chamol, 2003; Al-Karaki, 2006; Miransari et al., 2008).  
AM fungi also help the plants to overcome the harmful effects of water stress 
(Asrar et al., 2012; Lazcano et al., 2014). This is mainly due to the increase in the 
surface area by the extensively branched hyphal structures which are able to access 
water in the small soil pores and the ability of the fungal hyphae to take up water 






2012). Furthermore, the exudates from the fungus improve the soil aggregation thus 
enhancing the water uptake by the plant roots. 
AM symbiosis encompasses both benefits as well as costs. Fungi provide 
plants with a host of minerals, primarily less-mobilisable in the soil solution and that 
could benefit the host. In addition, AM fungi act as obligate symbionts requiring 
fixed carbon from their hosts seeming to imply that this is the cost of symbiosis to 
the host. Fungi may take glucose between 4 and 20% of plant’s total photosynthetic 
products (Douds et al., 2000). 
When AM symbiosis ensures host resilience under stress, relative weights of 
cost and benefit do naturally change in such situation. AM plants fair better under 
salinity stresses and mineral depletion. However at a point of time, when carbon 
source is limited, the fungal growth may become a burden. In fact, below a certain 
threshold of carbon production, host growth getting inhibited rather than getting 
promoted (Koltai and Kapulnik, 2010).  
Environmental stress conditions define the mutualistic-parasitic coordination 
process. Under salinity load or mineral depletion with no carbon limitation, AM 
fungi may benefit the host as well forming true symbiosis with both partners earning 
mutual associative benefits. However, when carbon sources are limiting and the 
damage charges imposed by the AM fungi association is higher than the accrued 
benefits, the association may tend towards a kind of parasitism (Koltai and Kapulnik, 
2010). 
Polyethylenglycol (PEG) is an inert water-soluble substance that could be 
used to lower the osmotic potential of the nutrient solution below that of the root, so 
that plant water uptake would no longer be possible. PEG has no toxic or signaling 






PEG 6000 with a molar mass of 6000 are usually used to induce moisture stress in 
plants since they are able to alter the osmotic potential due to their smaller size and at 
the same time not absorbed by plants (Carpita et al., 1979). PEG is most frequently 
used in plant water deficit studies to induce dehydration by decreasing the water 
potential of the nutrient solution (Nepomuceno et al., 1998; Bhargava and Paranjpe, 
2004).  
Various studies have been undertaken to study the influence of mycorrhiza in 
the uptake of nutrients from saline soils and under water stress. When plants are 
subjected to a range of different stresses simultaneously, it is quite difficult to 
conclude on individual mechanisms behind stress alleviation or adaptation. So in the 
present experiment, AM roots were exposed to only saline soil, without having the 
plant experience poor and impoverished overall nutrient availability.  
In this study, tomato was grown in horizontal split-root pots. The upper pot 
was filled with soil containing either living or dead propagules of AM fungi. The 
lower pot contained an aerated nutrient solution. Depending on the treatments, the 
nutrient solution would conform to the elemental nutrient demands for plant growth, 
excepting Nitrogen, Phosphorus or Potassium. Plants can avail and exploit that 
appropriately specific nutrient only from the upper compartmental chamber. Since 
salinity was induced in the upper pot, the uptake of that particular nutrient was 
limited by salinity. Polyethylene glycol (PEG) was used to lower the osmotic 
potential of the nutrient solution in the lower compartment below that of the root, so 
that plant water uptake would no longer be effectually possible. Non-saline soil 
allows for unlimited plant water uptake, while the nutrient solution supplies the 






limited by salinity. This study involved the effect of AM fungus in the uptake of that 
particular nutrient and water from saline upper compartmental soil.  
This horizontal split root experiment was conducted to test the following 
hypothesis. It was hypothesized that AM symbiosis enhances the uptake of N, P and 
K from saline soil. Another hypothesis was that AM helps in the uptake of water by 
roots under higher salinity conditions. 
 
2.2 Materials and Methods 
2.2.1 Plant material  
Hybrid seeds of tomato (Solanum lycopersicum L.) cv. Pink Wonder F1 
purchased from Germany was used in this experiment. It is an early hybrid cultivar 
with high total yield.  It grows up to a height of 100 to 110 cm and takes 80 to 85 
days for the first harvest. It is resistant to Alternaria and Phytophthora.  
 
2.2.2 Growth substrate and mycorrhizal inoculation 
Topsoil from a sand dune near Al Foah (24
021’03.4”N 55048’42.9” E), Al 
Ain was used as growth substrate in the present study. The location had never been 
used for agricultural purposes and had no vegetation at the time the substrate was 
taken. The soil was initially sieved though a 1mm sieve, sterilized in a hot air oven at 
95
0
C for 24 hours and fertilized with elements as shown in Table 31. Native 
inoculum was used as the source of mycorrhiza for this experiment. Inoculum was 
collected adjacent to corn plants grown in the experimental station at Al Foah. The 








Table 31: Initial fertilization of the growth medium for tomato. 
Nutrient Dosage (mg/kg) Chemical used 
Nitrogen 150 NH4NO3 
Phosphorus 25 KH2PO4 
Potassium 200 K2SO4 
Magnesium 100 MgSO4.7H2O 
Iron 20 Fe EDTA 
Zinc 20 ZnSO4.7H2O 
Copper 10 CuSO4.5H2O 
 
 Out of the total 2320g of inoculum that was available, half each was used as 
live (+M) and dead (-M) inoculum. The -M treatments should naturally contain the 
entire microflora except the biological mycorrhizae. For this purpose, microbial wash 
was prepared from the -M portion of the inoculum. To the inoculum 600 ml of water 
was added in a beaker, mixed well for about 10 minutes and filtered through a blue 
ribbon filter paper. The entire microflora passes through the filter paper retaining the 
AM fungi in the filter paper because of the larger size of the fungal spores. After 
double filtration 250 ml filtrate was collected. After the preparation of microbial 
wash, the inoculum along with the filter paper was oven dried at 95
0
C for 24 hours to 
exterminate all AM fungus. 
Before preparation of the media, the required equipments in the lab were 
intensely sterilized with chlorox liquid. For the -M portion, 250 ml of microbial wash 
prepared from the -M part of the inoculum along with the oven-dried dead inoculum 
was mixed thoroughly with 5 kg of sterilized and fertilized soil. 400ml of water was 
added and blended well. The +M lot was prepared by blending completely live 
inoculum with 5 kg of sterilized fertilized soil. The inoculum was mixed with soil at 






Small black flexible plastic pots of 200 ml capacity were used for seed 
germination. The holes in the pots were plugged and filled with 135 g of +M or -M 
portion of the prepared wet media per pot. One seed was sown centrally and 15 ml of 
water added to each pot. The pots were kept in the greenhouse maintaining an 
optimum temperature, light and humidity for better seed germination and growth. 
The pots were watered regularly, maintaining a good isolation distance of 60 cm for 
assuring absolute confinement between +M and -M treated pots as separate modules.  
 
2.2.3 Construction of the split-root pots 
Small round black plastic pots of 15 cm height with a volume capacity of 2 
liters were used as upper compartment. A 5 cm diameter fragment piece was cut and 
removed from the bottom of the pot and covered with a polyethylene net with a mesh 
width of 2 mm and secured tight. The main purpose is that the plant roots pass 
through this mesh and grow to the lower compartment but prevent the soil from 
passing through.  
Lower compartment was essentially bedded with small cap-less plastic 
bottles. A thick layer of silicone was placed on the mouth of the containers for a 
cushion-rest brace of upper compartment over the lower one. The bottles were 
wrapped with aluminum foils for ensuring absolute darkness and zero irradiance for 
the plant roots.  
 
2.2.4 Planting and experimental set-up 
Fifty days after sowing the seeds in the small plastic pots, fine roots were 
collected from both AM and non-AM treated plants, and observed for the extent of 






was noticed that +M treated plants were infected with fungus and -M was without 
and devoid of any fungal propagules. The plants were then transplanted to the upper 
compartment of the split root pots on 7
th
 January, 2014.  
The upper compartment was filled with sterilized and fertilized soil (Table 
32). For maintaining uniform bulk density inside the planting pots, the pots were 
filled in three steps. For induction of more roots downward, the lowest 600cm
3
 of the 
pot were filled with 400 g soil (8% moisture w/w) with slightly (250mg N/kg soil) 
higher dosage of nitrogen. Then 400 g of soil with lower nitrogen (150 mg N/kg soil) 
was added, and finally 500 g added and pressed. The fertilized soil had a moisture 
content of 8% (w/w) and hence the total dry soil per pot was 1192 g.  
 
Table 32: Fertilization dosage for the upper compartment pots. 
Nutrient Dosage (mg/kg) Chemical used 
High Nitrogen 250 NH4NO3 
Low Nitrogen 150 NH4NO3 
Phosphorus 25 KH2PO4 
Potassium 200 K2SO4 
Magnesium 100 MgSO4.7H2O 
Iron 20 Fe EDTA 
Zinc 20 ZnSO4.7H2O 
Copper 10 CuSO4.5H2O 
 
A healthy 55 days old hybrid tomato plant was planted in the centermost zone 
of each pot. A total of 40 pots each were prepared for +M and -M treatments. Pots 
were transferred to greenhouse and watered regularly with deionized water. The 







Twenty days after transferring the tomato plants to the upper compartment 
pots, 50 g of sterilized soil was taken in small plastic plates and placed underneath 
the upper compartment pots. For inducing the plant roots to come out through the 
mesh in the bottom of upper compartment pots 50 ml of water was added daily to the 
plastic plates.  
When the plants produced sufficient roots below, the horizontal split root set 
up was initiated 35 days after planting in the upper compartment. Totally 32 uniform 
plants each were selected from both +M and -M treatments. The roots protruding 
through the mesh of the upper pots were washed well with water to remove the 
attached soil. The lower compartment bottles were filled with 700 ml of deionized 
water containing 0.86g calcium sulphate (CaSO4)/l and the upper compartment pots 
placed above them so that the lower roots were immersed in the lower compartment 
water. The liquid in the lower compartment was replaced twice per week. All the 
lower compartment bottles were aerated throughout the experiment with aeration 
tubes provided individually to each of the lower compartments. The plants were 
again fertilized 40 days post-transplanting in upper compartment pots (Table 33). 
 
Table 33: Fertilization dosage of tomato 40 days after transplanting in upper 
compartment.  
Nutrient Dosage (mg/kg) Chemical used 
Nitrogen 150 NH4NO3 
Phosphorus 25 KH2PO4 
Potassium 200 K2SO4 
Magnesium 100 MgSO4.7H2O 
Iron 20 Fe EDTA 
Zinc 20 ZnSO4.7H2O 
Copper 10 CuSO4.5H2O 






2.2.5 Establishment of salinity and nutrient supply treatments 
The soil in the upper compartment was either or not amended with 1 g NaCl 
per kg dry soil at 45 days after planting. Treatments amended with salt (+S) included 
addition of 1 g NaCl per kg dry soil to the upper compartment four days later. 
Treatments that did not receive salt (-S) served as controls. Separate stock solutions 
of different nutrients were prepared. Final concentrations of nutrients in nutrient 
solution are given in Table 34. CaSO4 was mixed with the lower compartment 
solution at the rate of 0.86g/l. 
 
Table 34: Final concentrations of nutritional elements in the nutrient solution. 
Nutritional Element Final Concentration 
K 1.0 mM 
Mg 0.6 mM 
NO3 5.0 mM 
P 50 µM 
Fe 300 µM 
B 1.0 µM 
Mn 0.5 µM 
Zn 0.5 µM 
Cu 0.2 µM 
Mo 0.07 µM 
 
Depending upon the treatments, the nutrient solution in the lower 
compartment contained all the nutrients except N, P, K. For the PEG treatment, 
osmotic potential of the solution in the lower compartment was maintained at -0.24 
bars. Premium quality PEG with a molecular weight of 6000 was used. Quantity of 






reckoner calculator by Michel and Kaufmann (1973). All the nutritional elements 
were added along with PEG. 
 
  
Figure 27: Horizontal split-root experiment on tomato plants, aimed at investigating 
AM contribution to plant nutrient and water uptake from saline soil. 
 
 
Figure 28: Root system of tomato grown in lower compartment pots filled with 
nutrient solution which was continuously aerated. 
 
Totally there were 16 treatments. Two AM treatments (+M and -M), two 
salinity treatments (+S and -S) and four nutrition treatments (-N, -P, -K and PEG) in 






replicated four times. So totally there were 64 horizontal split root pots. The 
treatments were completely randomized (Figure 27).  
 
2.2.6 Maintenance of the experiment, and observations during the growth 
period  
The experiment was maintained for another period of six weeks after the 
establishment of the nutrient supply and salinity treatments. Nutrient solution in the 
lower compartment was replaced twice per week and whenever the level of the 
solution dropped below the level of roots due to uptake by plant roots. The amount of 
water taken by the roots from lower compartment was measured by measuring the 
water lost using a measuring cylinder and recorded periodically. Similarly the water 
taken by plants in the upper compartment was also recorded gravimetrically. Plant 
height, number of leaves and primary branch number were monitored on weekly 
basis. Plant height was measured using a measuring scale from the base of the plant 
to the growing tip of the plant. In case the plant showed some die back symptoms, 
the height was measured up to the living portion. Total number of leaves present in 
the entire plant was counted as number of leaves leaving behind the dead ones. The 
branches present only in the primary stem were counted as primary branch number. 
Leaf samples were collected midway (3 weeks) through the experiment and analyzed 





 leaf from the top. Shoots as well as roots were analyzed 
for major and minor elements after the final harvest. At the time of the set-up of the 
salinity and nutrient supply treatments, and three weeks thereafter, root samples were 
taken using a 1cm diameter cork borer. The roots were stained immediately for the 







2.2.7 Harvest and estimation of the total plant dry weight 
 Six weeks after initiation of nutritional treatments, total dry matter produced 
by the plant under various treatments was evaluated. Initially the lower 
compartmental roots were dissected, washed well with deionized water and 
transferred to labelled paper covers. Then the shoots were harvested, washed well 
with deionized water and transferred to labelled plastic covers. The pots with upper 
compartmental roots were allowed to dry for two days. After two days, roots were 
separated carefully from the soil using a 1mm sieve. The separated roots were 
washed thoroughly initially with tap water and then with deionized water. The 
harvested plant parts (roots and shoots separately) were dried in a hot air oven at 
65
0
C until attainment of a stable weight and value recorded as total dry matter.  
 
2.2.8 Root sampling and assessment of AM fungal colonized root length  
Percentage of roots infected with mycorrhiza were assessed initially, after 
three weeks and after six weeks (upper and lower compartment roots separately) by 
the procedure of Vierheilig et al., (1998). The roots were washed carefully to remove 
the soil and put in tea baskets. The tea baskets with roots were immersed in 10% 
Potassium hydroxide (KOH) taken in a beaker and heated in a hot air oven at 65
0
C 
for 25 minutes. The roots were washed again in tap water and placed in vinegar for 
2-3 minutes. The tea baskets containing roots were boiled for 5-7 minutes in 5% ink 
with vinegar. The stained roots were transferred to containers with little water and 
few drops of vinegar. After a day, the roots were observed for the presence or 
absence of any conceivable fungal mycelium, vesicles and arbuscules under 






The counting was done by gridline intersect method (Giovannetti and Mosse, 
1980). Root pieces each approximately 1 cm long were selected at random from the 
stained samples and mounted on microscope slides. The presence or absence of 
colonization at each intersection of root and gridline was noted from the grid of 
squares under a dissecting microscope at 40X magnification and expressed in 
percentage. 
 
2.2.9 Measurement of the element concentrations in the plant tissue  
Representative samples of shoot and root tissues were analyzed for their 
element concentrations. The dry shoots were ground into powder using a steel 
hammer mill. Roots from the upper and lower compartment were assorted together 
because of the very low quantity of roots in some of the treatments. The quantity of 
the root material was not sufficient to be ground by the mill. It was thus cut into very 
small pieces using a scissor, before representative samples were taken. About 280 to 
320 mg of ground or cut samples were weighed into a clean ceramic crucible and 
ashed in a muffle furnace at 550
0
C for two hours. After samples had cooled down, a 
few drops of deionized water was added followed by 2.5 ml 1:2 nitric acid. Liquid in 
the crucibles were then evaporated on a hot plate. The crucibles with the dried 
samples were again placed in muffle furnace at 550
0
C for two hours. When cooled, 
2.5 ml of 1:2 hydrochloric acid was added, and the contents were transferred to a 25 
ml volumetric flask containing one small glass bead. The volumetric flasks were 
placed on a hot plate until the contents boiled, in order to break down 
polyphosphates. When the volumetric flask reached room temperature, the volume 
was made up to 25 ml using deionized water. The contents were then filtered through 






The mineral elements phosphorus, potassium, calcium, magnesium, sodium, iron, 
manganese, copper and zinc were determined from the extract using Inductively 
Coupled Plasma Optic Emission Spectroscopy (ICP_OES) Model 710-ES, Varian, 
United States. The nitrogen content in shoot samples was determined by feeding 
approximately 50 mg of samples to a Vario Macro Cube CHNS Elemental Analyzer, 
Elementar Analysensysteme GmbH, Hanau, Germany.  
 
2.2.10 Statistical analysis 
The available data were statistically analyzed using SigmaStat 3.5 from 
Systat Software GmbH, Schimmelbuschstrasse 25, D-40699 Erkrath, Germany. Two 
way ANOVA was performed for the different treatment comparisons at a 
significance level of p<0.05. Tukey test was used for all pairwise mean comparisons 
of the treatment groups at a significance level of p<0.05.  
 
2.3. Results 
2.3.1 Plant growth parameters 
2.3.1.1 Plant height 
 +M plants showed a reduced plant height up to four weeks compared to -M 
plants under -N treatment (Figure 29). -S +M plants were able to regain their growth 
and reach on par with -S -M plants from fifth week onwards. But the saline +M 
plants showed a gradual decline in height.  
Higher salinity levels led to drastic reduction in plant height in -P treatment 
from first week onwards. +M plants were able to perform on par with -M plants 
under -S conditions. At higher salinity, the reduction in plant height was more 
pronounced in -M plants compared to the +M plants. The reduction in plant height 





















Table 35: Results of the Two Way ANOVA performed on height in cm of tomato 
plants.  
Treatment Weeks M S M x S 
-N 0 0.098 0.660 0.613 
 1 0.105 0.917 0.085 
 2 0.034 0.495 0.145 
 3 0.024 0.937 0.298 
 4 0.046 0.716 0.252 
 5 0.051 0.611 0.026 
 6 0.012 0.194 0.037 
-P 0 0.005 0.784 0.869 
 1 0.004 0.049 0.335 
 2 0.047 <0.001 0.418 
 3 0.452 0.003 0.577 
 4 0.232 0.004 0.437 
 5 0.752 <0.001 0.292 
 6 0.670 0.004 0.191 
-K 0 0.008 0.122 0.763 
 1 0.009 0.006 0.171 
 2 <0.001 0.101 0.097 
 3 0.014 0.496 0.234 
 4 0.056 0.286 0.381 
 5 0.015 0.287 0.483 
 6 0.049 0.182 0.493 
PEG 0 0.303 0.055 0.263 
 1 0.233 0.005 0.474 
 2 0.050 <0.001 0.532 
 3 0.020 <0.001 0.591 
 4 0.133 0.001 0.639 
 5 0.031 <0.001 0.942 
 6 0.080 0.001 0.611 
Shown are the p-values. P-values indicative of a significant (P>0.05) effect of AM 
inoculation (M), salinity (S), or an interaction between both factors (M x S) are 







No increment in plant height was observed in +M plants under -K treatment. -
M plants also showed a reduced plant height at elevated saline conditions. Only -M 
plants under -S conditions were able to show an increase in the plant height. 
 The plants under PEG treatment suffered under +S conditions under both +M 
and -M condition. +M plants were able to show an elevated height under -S 
conditions but could not cope up with the increased salinity. In general, a reduction 
in plant height was noticed in +M plants under higher saline conditions. 
 
2.3.1.2 Number of leaves 
 A marginal increase of leaf number in the initial stages followed by a 
reduction towards the end was noticed in all treatments except +S +M treatment 
under no N supplementation from lower compartment (Figure 30). +M plants under 
+S conditions were unable to retain their leaves leading to a drop and reduction in 
numbers. 
Increased salinity situations led to decrease in leaf number under -P 
circumstances. But the +M plants were able to cope up with increased salinity 
leading to production of comparable leaves with -S +M plants. The -M plants 
showed a steep decline in leaf numbers with increased salinity levels. 
Though the plants could not manifest a significant increment in leaf number 
under -K treatment, almost all the treatment plants witnessed an even number of 
leaves even under elevated saline conditions. Salinity has not influenced much in the 
leaf number. But the -S -M plants outnumbered all the other treatment plants. 
Increased salinity caused a reduction in the leaf number under PEG treatment. 






initial stages up to three weeks under high salinity. Later, the -M plants showed an 
increasing trend but the +M plants could not.  
 
 












Table 36: Results of the Two Way ANOVA performed on number of leaves per 
tomato plant.  
Treatment Weeks M S M*S 
-N 0 0.010 0.628 0.373 
 1 0.103 0.224 0.130 
 2 0.066 0.075 0.178 
 3 0.013 0.137 0.169 
 4 0.088 0.096 0.459 
 5 0.039 0.139 0.254 
 6 0.027 0.565 0.248 
-P 0 0.062 0.479 0.561 
 1 0.250 <0.001 0.064 
 2 0.124 0.003 0.067 
 3 0.174 0.020 0.113 
 4 0.449 0.006 0.101 
 5 1.000 0.041 0.085 
 6 0.840 0.008 0.059 
-K 0 0.082 0.348 0.614 
 1 0.035 0.083 0.498 
 2 0.186 0.198 0.844 
 3 0.448 0.470 0.751 
 4 0.681 0.463 0.622 
 5 0.326 0.539 0.983 
 6 0.171 0.239 0.687 
PEG 0 0.011 0.008 0.507 
 1 0.087 0.003 0.953 
 2 0.226 <0.001 0.858 
 3 0.086 <0.001 0.422 
 4 0.241 0.008 0.556 
 5 0.219 0.037 0.177 
 6 0.242 0.051 0.111 









2.3.1.3 Number of primary branches 
 A gradual increase in primary branches and then a reduction towards the later 
stages was noticed in all treatments except +S +M conditions under -N treatment 
(Figure 31). +S +M plants showed a decrease in primary branches in the first and 
second week and were then able to regain branches in the next week followed by a 
decline in numbers.  
  







Table 37: Results of the Two Way ANOVA performed on number of primary 
branches per tomato plant.  
Treatment Weeks M S M x S 
-N 0 0.539 0.539 0.230 
 1 0.153 0.033 0.153 
 2 0.071 0.039 0.341 
 3 0.063 0.169 0.397 
 4 0.124 0.124 0.314 
 5 0.547 0.057 0.057 
 6 0.722 0.295 0.411 
-P 0 0.751 0.529 1.000 
 1 0.058 0.002 0.058 
 2 0.152 0.008 0.069 
 3 0.057 0.002 0.023 
 4 0.078 0.001 0.048 
 5 0.068 0.001 0.102 
 6 0.138 0.004 0.138 
-K 0 0.046 0.364 0.646 
 1 0.161 0.361 0.510 
 2 0.371 0.130 0.371 
 3 0.530 0.405 0.833 
 4 0.465 0.335 0.335 
 5 0.779 0.041 0.779 
 6 0.541 0.127 0.279 
PEG 0 0.397 0.397 0.775 
 1 0.238 0.023 0.740 
 2 0.487 0.038 0.861 
 3 0.306 0.005 0.775 
 4 0.078 0.040 0.532 
 5 0.041 0.012 0.596 
 6 0.052 0.005 0.302 
Shown are the p-values. Refer table 35 for abbreviations. 
 
+S treated plants produced less primary branches compared to -S plants when 






treated plants were able to produce comparable primary branches like -S control 
plants. -M plants performed very badly under +S conditions.  
 Number of branches produced by all the plants with no K supplementation 
from below, remained on par with each other, irrespective of the salinity and AM 
treatments. +S affected the number of branches in the PEG treatment. -S treated 
plants were able to perform better with and without AM inoculation. Though the +S -
M plants could regain their growth after three weeks, the +M plants continued to 
suffer and get affected. 
 
2.3.2 Extent of arbuscular mycorrhiza fungal root colonization 
Increased salinity has not affected AM population of the plants in all the 
nutritional treatments of -N, -P, -K and PEG (Figure 32). A reduction in colonization 
was noticed only in -N treatment plants under -S conditions in the final stages. The 
range of colonization also remained the same between the AM treatments. The very 
low colonization rate was shown by the lower compartmental roots in PEG 
treatment. Though the effect of salinity was not pronounced in the individual 
nutritional treatments, salinity had affected the colonization rates in third and sixth 
week as seen from probability values in Table 38.   
 
Figure 32: Roots of tomato colonized by arbuscular mycorrhizal fungi.  







Figure 33: Percentage of total root length colonized by mycorrhiza fungal structures 











Table 38:  Results of the Two Way ANOVA performed on the percentage of total 
root length colonized by mycorrhiza fungal structures in tomato plants.  
Weeks S N S x N 
0 0.288 0.977 0.228 
3 <0.001 0.010 0.429 
6 (UC) <0.001 0.975 0.094 
6 (LC) 0.004 0.959 0.157 
Shown are the p-values. P-values indicative of a significant (P>0.05) effect of 
salinity (S), nutrition (N), or an interaction between both factors (S x N) are printed 
in bold.  
 
2.3.3 Evapotranspiration 
 The evapotranspiration of plants under +S -M treatment was more compared 
to +S +M plants with no N additional supply from below (Figure 34). Under +S 
conditions, -M plants were able to absorb more water from the lower compartment 
(Table 40) but the +M plants showed a reduced uptake from lower compartment. 
 
Table 39: Results of the Two Way ANOVA performed on the evapotranspiration of 
tomato plants.  
Treatment M S M x S 
-N 0.116 0.413 0.010 
-P 0.095 0.057 0.075 
-K 0.361 0.194 0.371 
PEG 0.055 0.003 0.092 
Shown are the p-values. Refer table 35 for abbreviations. 
In plants not supplied with P from below compartment, no variation in 
evapotranspiration was observed between the salinity and AM treatments. Uptake of 
water from the lower compartment by -M plants under +S conditions was very much 






was observed between the treatments when not given additional K from below. 
Salinity and mycorrhiza has not influenced the evapotranspiration rates.  
 
 
Figure 34: Total evapotranspiration (l/pot) of tomato plants.  
 
A general reduction in evapotranspiration levels was noticed in PEG 






treatment plants showed a reduced uptake of water from the lower compartment, 
though no variation was noticed between them (Table 40). 
 
Table 40: Percentage contribution of water from the upper compartment.  
Treatments -N -P -K PEG 
-S-M 66 60 59 74 
-S+M 62 55 59 79 
+S-M 52 64 63 75 
+S+M 70 58 66 79 
Refer table 35 for abbreviations. 
 
2.3.4 Total plant dry matter at the time of harvest 
 No variation was noticed in the total dry matter produced by the plant under -
N, -K and PEG treatments (Figure 35). In -P treatment a decrease in total dry matter 
with increased salinity levels were noticed in -M plants. The +M plants in -P 
treatment was not affected by the increased salinity levels. Salinity has indeed 
reduced the total plant dry matter produced from the results of the two way ANOVA 
in -N, -K and PEG treatments (Table 41). 
 
Table 41: Results of the Two Way ANOVA performed on the total dry matter 
produced by tomato plants.  
Treatment M S M x S 
-N 0.007 0.032 0.210 
-P 0.310 0.002 0.083 
-K 0.097 0.052 0.339 
PEG 0.448 0.004 0.655 








Figure 35: Total dry matter (g/plant) of tomato plants.  
 
No variation was observed in the total dry matter produced between the four 
nutritional treatments from the results of Three Way ANOVA performed between the 
treatments. The shoot root ratio remained the same between the salinity and the AM 






shown). Only variation was noticed in -P treatment -M plants between both salinity 
levels. 
 
2.3.5 Plant nutritional status, and total plant element uptake 
2.3.5.1 Nitrogen 
 Salinity and AM treatments had no influence in the concentration of N in the 
shoot of Tomato plants (Table 42). A higher content of N was noticed in -M plants 
without salinity in PEG treatment compared to saline treated plants (Figure 36). No 
variation was noticed in the shoot N content in -N, -P and -K treatments.  
 




-N -M 13.20±2.00 a 12.83±2.86 a 
 
+M 13.86±2.24 a 21.22±8.15 a 
-P -M 15.60±1.97 a 23.45±2.61 a 
 
+M 15.78±1.82a 19.54±4.76 a 
-K -M 15.45±1.26 a 14.36±0.55 a 
 
+M 14.55±1.64 a 16.22±2.76 a 
PEG -M 16.77±2.62 a 21.09±4.47 a 
 
+M 16.98±2.27 a 23.51±5.85 a 
Means (±SD) labeled with different letters are significantly different (p<0.05, n=4) 
by Tukey’s test. 
 
Though the plants in -N treatment were not given supplemental N from the 
lower compartment solution, the N content in the shoot was in the range with other 
nutritional treatments under elevated salinity. A little reduced value was noticed in 
no saline situations in -N treatment compared to all the other nutritional treatments 









Figure 36: N content (mg/shoot) in the shoot of tomato plants.  
 
Table 43: Results of the Two Way ANOVA performed on the N concentration of 
tomato shoots.  
Treatment M S M x S 
-N 0.071 0.152 0.117 
-P 0.241 0.002 0.201 
-K 0.592 0.748 0.141 
PEG 0.529 0.021 0.597 








 No variation in P concentration was noticed among the treatments in the 
leaves collected half way through the experiment (Table 44). In -P and PEG 
treatments increase in P concentration with increase in salinity levels were noticed in 
-M inoculated shoots. Reduction in P concentration with increased salinity was seen 
in the -M roots of -K treatment. No variation was observed in the total P content of 
tomato plants under salinity and mycorrhizal treatments (Figure 37).  
 
Table 44: P concentration (mg/g dry weight) in the tomato plants.  
Treatment Leaf Half-way Shoot Root 
-S +S -S +S -S +S 
































































































Means (±SD) for leaf half-way, shoot and roots within each nutrition treatment 
which are labeled with different letters are significantly different (p<0.05, n=4) by 
Tukey’s test. Refer table 42 for abbreviations. 
 
Although no difference in the total P content was noticed in -P treatment, 
difference was noticed in the roots of the -M plants. A decrease with increase in 
salinity was noticed in the -M infected roots (Figure 38). Though plants in -P 
treatment were not supplied with P from lower compartment solution, the range of 






treatments it was observed that the contribution of P from the roots to the total P 
reduced under higher salinity compared to lower salinity in both +M and -M plants. 
 




Treatment M S M x S 
Leaf midway No N 0.011 0.002 0.044 
 No P 0.954 <0.001 0.934 
 No K 0.090 <0.001 0.168 
 PEG 0.246 0.064 0.152 
Shoot No N <0.001 <0.001 0.042 
 No P 0.855 <0.001 0.150 
 No K <0.001 0.008 0.218 
 PEG 0.022 <0.001 <0.001 
Root No N 0.278 0.689 0.378 
 No P 0.604 0.014 0.218 
 No K 0.378 0.190 0.004 
 PEG 0.162 0.206 0.814 

















Figure 38: Total P content in mg per shoot and root of tomato plant.  
 
2.3.5.3 Potassium 
 In the leaf collected half way through the experiment, a reduction in the K 
concentration was noticed with increased salinity in -M plants of -P treatment (Table 
46). But the shoots showed just the reverse. Increased K concentration with increased 
salinity was observed. In the -M roots of -N treatment a decrease in K concentration 
with increase in salinity level was noticed. The same trend was noticed in the K 
content of roots (Figure 39). +M infected roots showed a higher K concentration 
compared to -M roots in no K treatment. Decrease in K concentration with increase 







Table 46: K concentration (mg/g dry weight) in the tomato plants.  
Treatment 
 Leaf Half-way Shoot Root 
 -S +S -S +S -S +S 

































































































Means (±SD) for leaf half-way, shoot and roots within each nutrition treatment 
which are labeled with different letters are significantly different (p<0.05, n=4) by 
Tukey’s test. Refer table 42 for abbreviations. 
 
Table 47: Results of the Two Way ANOVA performed on K concentration of tomato 
plants.  
 Plant Organ Treatment M S M*S 
Leaf midway No N 0.266 0.232 0.509 
 No P 0.888 <0.001 0.215 
 No K 0.729 0.850 0.233 
 PEG 0.062 0.965 0.379 
Shoot No N <0.001 <0.001 0.903 
 No P 0.103 <0.001 <0.001 
 No K 0.121 0.005 0.676 
 PEG 0.047 0.001 0.334 
Root No N 0.999 <0.001 0.007 
 No P 0.608 <0.001 0.616 
 No K 0.083 0.771 0.001 
 PEG 0.969 0.002 0.282 








Figure 39: Total K content in mg per tomato plant.  
 
No difference was observed in the total K content in -N, -K and PEG 
treatments. In -P treatment, a decrease in total K content was noticed in +M infected 
plants under no saline conditions compared to -M controls. No difference was 






the shoots of the -P treatments (Figure 40), a reduced K content was seen in -M roots 
under +S compared to -S shoots. The plants in the -K treatment contained K content 
in the range of other nutritional treatment plants, though not given supplemental K 
from the solution of the lower compartment. Also it can be noticed that the 
contribution of K by the roots to the total K content reduced with increase in salinity 
level in all the nutritional treatments.  
 
Figure 40: K content in mg per shoot and root of tomato plant.  
 
2.3.5.4 Base cations other than Potassium  
Sodium: Na concentration was higher in the leaves collected half way 
through the experiment in both +M and -M plants (Table 48) under salinity. A higher 






plants under -K treatment in their shoot compared to -S corresponding plants. Higher 
Na concentration was also noticed in -M infected roots of -N treatment than +M 
roots. In PEG treatment, +M inoculated roots recorded a reduced Na concentration 
compared to -M infected roots under salinity.  
Marked variation in total Na content was observed only in the -N treatment 
under -M conditions (Figure 41). The Na increased with increase in salinity. The 
same trend was noticed in the shoot Na content also (Figure 42). Reduction in the 
root Na was noticed in +M infected roots in -N and -P treatments under salinity 
compared to -M roots.   
 
Calcium: In the leaves collected half way through the experiment, 
concentration of Ca in -M plants showed an increase with increased salinity in -N 
treatment (Table 48). In PEG treatment an increment in Ca concentration was 
observed in +M plants compared to -M plants under conditions of higher salinity. In 
the shoots of -P treatment, -M -S control plants showed a reduced Ca compared to -S 
+M and +S -M plants. Increase in Ca concentration was also noticed in +M shoots 
with increased salinity compared to -S shoots in -K treatment. A very high 
concentration of Ca is present in the roots compared to the shoots irrespective of the 
nutritional treatments. This is reflected in the total content also (Figure 43). No 












Table 48: Na, Ca and Mg concentrations (mg/g dry weight) in the tomato plants.  
  Leaf Half-way Shoot Root 
  -S +S -S +S -S +S 
Sodium 
      
-N -M 1.0±0.3a 11.5±2.5b 1.3±0.5a 7.1±1.0ab 3.4±1.0a 7.7±1.2b 
 +M 1.3±0.4ab 7.2±2.1ab 2.5±1.1ab 9.5±1.0b 3.5±0.4ab 4.6±1.6ab 
-P -M 1.0±0.3a 4.7±0.8b 1.0±0.4a 12.1±1.2b 3.4±0.4ab 6.0±0.7b 
 +M 1.2±0.4ab 5.5±3.2b 1.4±0.3ab 7.7±0.3ab 3.0±0.6a 3.4±0.5ab 
-K -M 0.9±0.2a 6.5±0.4ab 1.4±0.6ab 7.3±1.1ab 3.9±0.7ab 6.7±1.0b 
 +M 1.0±0.3a 10.9±0.8b 1.0±0.2a 8.4±0.3b 3.0±1.8a 4.0±0.4ab 
PEG -M 1.0±0.1a 9.6±0.3ab 1.9±1.3a 9.9±1.3a 3.7±0.7ab 4.9±0.5b 
 +M 1.1±0.5a 13.6±0.6b 1.8±1.5a 9.8±1.1a 3.2±1.2ab 2.6±0.2a 
Calcium 
      
-N -M 12.3±2.7a 19.4±1.9b 9.6±0.3a 12.5±0.3ab 34.3±1.0a 35.7±6.3a 
 +M 15.4±0.8ab 12.6±2.1a 12.8±0.3ab 15.1±0.4b 28.9±5.6a 39.1±6.3a 
-P -M 18.8±1.7b 15.1±1.7ab 11.1±0.7a 16.3±0.7b 32.3±5.0a 36.8±2.8a 
 +M 15.8±3.4ab 12.2±2.2a 16.1±0.7b 14.6±0.5ab 36.1±5.3a 36.6±5.2a 
-K -M 15.8±2.0ab 13.0±1.3a 12.3±0.5ab 12.7±0.7ab 30.3±3.1a 41.5±6.2a 
 +M 16.8±1.6b 15.6±1.3ab 11.7±0.3a 14.3±0.3b 35.5±6.7a 37.1±3.2a 
PEG -M 18.9±1.9ab 13.2±1.1a 13.5±0.3ab 15.1±0.2b 27.6±5.8a 41.7±2.5ab 
 +M 19.7±3.6ab 21.9±1.4b 10.9±0.6a 12.3±0.4ab 28.4±6.2ab 48.0±8.4b 
Magnesium 
     
-N -M 7.1±1.5a 9.4±1.5a 5.9±0.6a 6.3±0.8a 28.6±8.1a 36.3±8.5a 
 +M 7.9±1.1a 6.6±1.3a 7.4±0.4ab 9.2±0.5b 28.4±4.0a 28.1±5.2a 
-P -M 7.1±0.2ab 5.1±0.3a 6.6±0.8a 10.9±0.7b 27.9±4.5a 47.3±5.0a 
 +M 8.8±1.0b 6.4±1.4ab 8.2±0.8ab 8.6±0.9ab 29.6±7.8a 30.0±7.3a 
-K -M 6.7±0.6a 6.2±0.9a 6.6±1.3a 8.1±0.8a 27.2±7.3a 40.8±7.7a 
 +M 6.6±0.6a 7.4±0.5a 6.2±0.4a 7.6±0.7a 24.9±5.2a 28.0±7.1a 
PEG -M 7.4±1.6ab 6.6±0.4a 6.9±0.5ab 9.2±1.6ab 20.0±8.5a 33.8±3.8a 
 +M 10.4±0.8b 9.6±0.9ab 6.7±1.1a 9.5±0.6b 20.2±6.6a 30.9±8.3a 
Means (±SD) for leaf half-way, shoot and roots within each nutrition treatment 
which are labeled with different letters are significantly different (p<0.05, n=4) by 













Table 49: Results of the Two Way ANOVA performed on Na, Ca and Mg 
concentration of tomato plants. 
 Treatment M S M*S 
Sodium     
Leaf half-way -N 0.037 <0.001 0.017 
 -P 0.539 <0.001 0.749 
 -K <0.001 <0.001 <0.001 
 PEG <0.001 <0.001 <0.001 
Shoot -N 0.002 <0.001 0.215 
 -P <0.001 <0.001 <0.001 
 -K 0.307 <0.001 0.029 
 PEG 0.871 <0.001 0.995 
Root -N 0.022 <0.001 0.016 
 -P <0.001 <0.001 0.001 
 -K 0.007 0.005 0.147 
 PEG 0.003 0.475 0.042 
Calcium     
Leaf half-way -N 0.084 0.052 <0.001 
 -P 0.028 0.010 0.968 
 -K 0.044 0.026 0.352 
 PEG 0.001 0.148 0.004 
Shoot -N <0.001 <0.001 0.094 
 -P <0.001 <0.001 <0.001 
 -K <0.001 <0.001 <0.001 
 PEG <0.001 <0.001 0.562 
Root -N 0.706 0.048 0.122 
 -P 0.454 0.305 0.414 
 -K 0.878 0.027 0.086 
 PEG 0.269 <0.001 0.389 
Magnesium     
Leaf half-way -N 0.184 0.433 0.021 
 -P 0.006 <0.001 0.723 
 -K 0.133 0.685 0.055 
 PEG <0.001 0.158 0.982 
Shoot -N <0.001 0.003 0.049 
 -P 0.424 <0.001 <0.001 
 -K 0.311 0.005 0.989 
 PEG 0.962 <0.001 0.627 
Root -N 0.234 0.297 0.256 
 -P 0.029 0.008 0.011 
 -K 0.049 0.032 0.155 
 PEG 0.705 0.005 0.666 















Figure 42: Na content in mg per shoot and root of tomato plant.  
 
Magnesium: No marked difference in Mg concentration was noticed in 
leaves collected half way through the experiment and in roots between the treatments 
(Table 48). Salinity reduced Mg concentration in shoots of -M plants compared to 
+M plants in -N treatment. Increase in the Mg concentration of shoot was noticed 
with increase in salinity in -M plants of -P treatment. +M plants had higher Mg 








Figure 43: Total Ca and Mg contents in mg per tomato plant.  
 
Very high concentrations of Mg were present in the root compared to the 
shoot irrespective of the nutritional treatments. This is reflected in the total content 
also. Roots contributed more to the total content (Figure 43). No variation in Mg 
content was observed in -P, -K and PEG treatments. Increment in salinity levels led 
to decrease in the total Mg content in +M plants in -N treatment.  
 
2.3.5.5 Micronutrients 
Copper: In the leaves collected half way through the trial, an increased 
concentration of Cu was observed in -M plants under higher salinity compared to 
non-saline treated plants in -N treatment (Table 50). In -P treatment, higher Cu 






plants under higher salinity were able to show an increased Cu concentration than no 
saline plants. -M shoots showed a higher Cu concentration under +S than -S in -P 
and -K treatments. -M -P plants and +M PEG plants recorded a lower Cu 
concentration at +S in their roots compared to -S roots. A very high concentration of 
Cu was observed in the roots compared to the shoots in all the treatments which are 
evident in the total dry matter also (Figure 43). Total Cu content of plants remained 
on par with each other under -N, -P and PEG treatments. In -K treatment, though an 
even Cu content was noticed in -M plants under both salinity levels and the +M 
plants showed a decline with increased salinity.  
 
Manganese: An increase in Mn concentration with increased salinity was 
noticed in -M plants compared to -S treated plants in the leaves taken half way of the 
trial in -N treatment (Table 50). Increased Mn concentration was also seen in the +M 
infected plants under higher salinity compared to the -M plants in PEG treatment. 
Increased Mn concentration was noticed in the shoot of +M plants compared to -M 
shoots under -S in -P treatment. +M roots contained more Mn under +S compared to 
-S roots in -K treatment. A reduced Mn concentration was noticed in +S +M plants in 
the PEG treatment compared to -S plants. All the treatment plants contained higher 
concentration of Mn in their roots. This trend is observed in the content also (Figure 
44). All the treatment plants recorded on par total Mn content except the -N 
treatment. In -N treatment the +M plants showed a very low Mn content at higher 











Table 50: Cu and Mn concentrations (μg/g dry weight) in the tomato plants.  
 
 Leaf Half-way Shoot Root 
 
 -S +S -S +S -S +S 
Copper 
      

































































































      

































































































Means (±SD) for leaf half-way, shoot and roots within each nutrition treatment 
which are labeled with different letters are significantly different (p<0.05, n=4) by 














Table 51: Results of the Two Way ANOVA performed on Cu, Mn and Fe 
concentration of tomato plants.  
 Treatment M S M x S 
Copper     
Leaf midway -N 0.002 0.026 0.048 
 -P 0.057 <0.001 0.121 
 -K 0.020 <0.001 <0.001 
 PEG 0.002 <0.001 0.004 
Shoot -N <0.001 <0.001 <0.001 
 -P 0.022 <0.001 0.003 
 -K 0.194 <0.001 0.267 
 PEG 0.360 <0.001 0.648 
Root -N 0.414 0.017 0.710 
 -P 0.521 <0.001 0.011 
 -K <0.001 <0.001 0.028 
 PEG 0.744 <0.001 0.194 
Manganese     
Leaf midway -N 0.429 <0.001 0.008 
 -P <0.001 0.010 0.202 
 -K 0.241 0.791 0.653 
 PEG 0.001 0.438 0.109 
Shoot -N 0.436 <0.001 0.747 
 -P 0.034 0.186 0.002 
 -K 0.866 0.967 0.573 
 PEG 0.011 0.649 0.540 
Root -N 0.176 <0.001 0.454 
 -P 0.071 0.716 0.108 
 -K 0.014 <0.001 0.038 
 PEG <0.001 0.947 0.643 
Iron     
Leaf midway -N 0.150 0.011 0.015 
 -P 0.097 0.024 <0.001 
 -K 0.018 0.002 0.009 
 PEG <0.001 0.033 0.026 
Shoot -N 0.021 0.464 0.013 
 -P <0.001 0.021 0.016 
 -K 0.141 0.003 0.184 
 PEG 0.005 0.780 <0.001 
Root -N 0.082 0.001 0.889 
 -P 0.096 <0.001 <0.001 
 -K 0.673 <0.001 0.002 
 PEG 0.328 <0.001 0.822 








Figure 44: Total Cu and Mn contents in mg per tomato plant.  
 
Iron: An increase in the concentration of Fe was noticed in +M inoculated 
leaves collected half way under +S conditions compared to -S in -N treatment (Table 
52). In -P treatment, Fe concentration showed a reduced value under +S than -S 
treated plants. Fe concentration reduced under +S in PEG treatment in +M plants 
compared to -M plants. +M plants contained more Fe concentration in their shoots 
under +S conditions compared to -M plants in -N. Increase in the concentration of Fe 
was noticed in -M shoots under -S in -K than under +S. A reduced Fe concentration 







Table 52: Fe concentration (μg/g dry weight) in the tomato plants.  
 
 Leaf Half-way Shoot 
 
 -S +S -S +S 

































































Means (±SD) for leaf half-way, shoot and roots within each nutrition treatment 
which are labeled with different letters are significantly different (p<0.05, n=4) by 
Tukey’s test. Refer table 42 for abbreviations. 
 
A very high concentration of Fe was noticed in the roots of all the treatment 
plants (data not shown). A general reduction in shoot Fe content was observed with 
increase in salinity levels in -P treatment under both +M and -M conditions. A 
reduced Fe shoot content was also noticed in -M plants under +S than -S in -K 
treatment (Figure 45). Reduction in shoot Fe content was shown by +M plants under 







Figure 45: Fe content in mg per tomato shoot.  
 
2.4 Discussion 
AM association is most understood to stimulate host nutrient acquisition, 
specifically, P (Hanway and Heidel, 1952; Hirrel and Gerdemann, 1980; Ojala et al., 
1983; Pond et al., 1984; Poss et al., 1985; Smith and Read, 1997; Al-Karaki, 2000). 






nutrient in -S and +S environments. The P requirement for an optimized growth is in 
the range of 3 to 5 mg/g dry weight during the vegetative growth stages, but some 
plants that are grown on severely P deficient soils contain less P in their leaves 
(Lambers et al., 2010). In P-deficient plants, reduced growth (Fredeen et al., 1989) 
and also reduced leaf count (Lynch et al., 1991) are the most obvious effects. 
Romheld, 2012 estimated that the sufficient range of P for tomato is 4-6.5 mg/g dry 
weight. None of the treatment plants contained optimum P required for better plant 
growth. Given to understand that a wide range of adaptive responses does exist in 
plants to P deficiency (Lambers et al., 2006), incited by complex P-starvation 
signaling pathways (Rolland et al., 2006), P limitation did inhibit the shoot growth 
rate. According to Smith et al., 2003, under AM colonization all the P present in the 
plant might be supplied by the mycorrhizal pathway and not taken up by the root 
hairs. The total P taken up by the plant might be the contribution of AM fungi. 
Though plants in -P treatment were not supplied with additional P from lower 
compartment solution, the range of total P content remained on par with the other 
nutritional treatments. The plants under -N, -K and PEG treatments were not able to 
increase the P uptake though supplied from the lower compartment solution. In all 
the treatments it was observed that the contribution of P from the roots to the total P 
reduced under +S compared to -S in both +M and -M plants. The reduction in the 
contribution of root P content to the total P uptake may be due to the increase in the 
shoot root ratio by the +M plants and reduction in P concentration in the -M roots 
under elevated salinities.  
According to Romheld (2012) N concentration in the adequate range for 
tomato is 40-55 mg/g dry weight. In the current experiment, all the treatment plants 






tomato. For an efficient growth, development and reproduction, plants demand 
adequate, but not surplus amounts of N. Thereupon, meagre soil N availability or 
decline in root uptake capacity will negatively influence plant productivity 
(Hawkesford et al., 2012). Upon continued N starvation, the breakdown of leaf 
nucleic acids and proteins is triggered resulting in leaf senescence (Hortensteiner and 
Feller, 2002). The lower growth rates of the plants can also be accounted to the very 
low concentration of N in the present experiment. Even inoculation with the native 
mycorrhiza was not able to enhance the uptake of this nutrient. Contribution of AM 
fungi to plant N nutrition is less pronounced, often imperceptible and depends on 
type of soil, water content and its pH (Tobar et al., 1994; Hodge and Storer, 2014). 
AM fungi can immobilize good amounts of N in mycelia also (Hodge and Fitter, 
2010). Even though the plants under -N treatments were not supplemented by 
additional N from the lower compartment, the N content of shoot was in the range of 
other nutritional treatments. -P, -K and PEG treatment plants were not able to take N 
from the lower compartmental solution.  
Potassium being the most abundant cation in cytosol and K along with its 
accompanying anions adds substantially to cell osmotic potential and tissues of 
glycophytes (Hawkesford et al., 2012). After N, K is the nutrient required in the 
largest amount by plants. The K requirement for optimal plant growth is 20-50 g/kg 
in vegetative parts (Hawkesford et al., 2012). According to Romheld (2012) the 
optimum range of K for tomato is 30-60 mg/g dry weight. None of the treatment 
plants in the present experiment were able to show K concentration in this range. The 
total uptake of this nutrient was not enhanced by mycorrhiza. Photosynthesis is 
strongly reduced in K deficient leaves. The deficiency of this major nutrient might 






of severe deficiencies, these organs become chlorotic and necrotic, depending on 
incident light intensity on the leaves (Marschner and Cakmak, 1989). The plants in 
the -K treatment contained K content in the range of other nutritional treatment 
plants, though not given supplemental K from the solution of the lower compartment. 
Also it can be noticed that the contribution of K by the roots to the total K content 
reduced with increase in salinity level in all the nutritional treatments. The reduction 
in the contribution of root K content to the total K uptake may be due to the increase 
in the shoot root ratio by the +M plants and reduction in K concentration in the -M 
roots under elevated salinities. 
In the present study on tomato, the total evapotranspiration of the plants under 
-P, -K and PEG treatments were unaffected by the salinity and the AM treatments. 
This may be due to the set-up of the horizontal split-root compartments which 
enables the plants to take up water from the lower compartments even under higher 
salinity situations. The lower evapotranspiration rates of plants under AM saline 
conditions in -N treatment may be due to the reduction in the plant growth 
parameters towards the end of study resulting in the reduced uptake of water.  
Polyethylenglycol (PEG) is an inert water-soluble substance used to lower the 
osmotic potential of the nutrient solution below that of the root, so that plant water 
uptake would no longer be possible. In the present study, the contribution of water 
from the lower compartment is less than 30% in all the treatments under PEG. In 
PEG treatment, under higher saline conditions the uptake of water from upper 
compartment was restricted by salinity and from the lower compartment by the lower 
osmotic potential because of PEG. This combined effect led to lower 






It was reported that AM fungi may not be serving a vital role in plant growth 
and nutrition with agricultural ecosystems (Ryan and Graham, 2002; Shukla et al., 
2012). Some authors have documented increases in maize productivity with AM 
fungi colonization (Kaeppler et al., 2000; Sudová and Vosátka 2007) while others 
note a negative effect (Verbruggen et al., 2012). Inconstancy in plant response to 
mycorrhization may be partly explained by the fact that low AM fungi colonization 
is agreeable and acceptable to inhibit direct root uptake of P, even if AM fungi 
uptake does not surpass or compensate the reduction (Smith and Smith, 2012). In the 
present experiment on tomato, AM population decreased with salinity. A general 
reduction in the colonization rate was noticed towards the end of the study compared 
to initial stages of the experiment.  
The present experiment on tomato was conducted on polycarbonate 
greenhouses during spring season which might have provided a conducive 
environment for the establishment of the local AM inoculum. Carvalho et al. (2001) 
reported highest levels of AM colonization in summer and autumn implying that the 
seasonal variation also plays a role in the rate of mycorrhizal colonization. Though it 
provided a favorable environment in initial stages, the very high temperature that 
prevailed during the later stages of the experiment might have reduced the 
colonization rate. 
It can be seen from the present experiment that AM fungal inoculation had 
not helped the plant to overcome the detrimental effects of salinity. Better growth of 
AM fungi inoculated plants compared to non-inoculated plants under higher salinity 
have been reported by many researchers (Al-Karaki, 2000; Cantrell and Linderman, 






Negative AM growth rates have been reported by Grace et al. (2008); Smith et al. 
(2009); Smith and Smith (2011).  
In the present study, almost all the salinity treated plants showed reduced 
growth characteristics compared to non-saline plants. In general, salinity effects 
always constrained plant growth and productivity (Al-Karaki, 2000; Ghazi and Al- 
Karaki, 2006). Salt stresses have an injurious effect on plant growth involving 
multiple effects leading to reduced growth rate, lessened leaf production rate and 
increased senescence (Greenway and Munns, 1980; Munns, 2002; Munné-Bosch and 
Alegre, 2004; Parida and Das, 2005). A decrease in all the growth parameters under 
higher salinity levels were reported by numerous investigators (Murkute et al., 2006; 
Anjum, 2008). Can et al. (2003) reported that saline water irrigation of plants 
curtailed the photosynthetic capacity per unit area which further depressed vegetative 
growth.  
In this present study, a significant reduction in leaf number and branch 
number was observed in the salinity treated plants in -N, -K and PEG treatments. 
Under saline stress, increased leaf death is generally associated with leaf salt 
accumulation at toxic levels (Greenway and Munns, 1980; Yeo et al., 1991; Munns, 
2002). Tomato being a moderately salt tolerant crop (Maas, 1986), maximum 
tolerance limit for better growth is 4 mg/g dry weight according to Kirkby (1992). 
Under conditions of higher salinity almost all the plants in all the treatments 
contained Na concentration in the toxic limits which might have contributed to the 
reduction in leaf and branch number of tomato.  
In the present experiment on tomato, higher salinity levels led to a reduction 
in the total dry matter production in all the treatments. Growth and biomass 






(2005) due to high accumulation of NaCl salt (Latef, 2010; Latef and Chaoxing, 
2011). Increased salinity negatively affected the vegetative growth of tomato, 
resulting in reduced dry shoot and root weight of tomato (Adler and Wilcor, 1987; 
Satti and Al-Yahyai, 1995; He et al., 2007). A combination of osmotic and specific 
ion effects of Cl and Na may be the possible reason for the decrease in the dry weight 
at increased salinity levels (Hajiboland et al., 2010). In the present experiment 
reduction in total dry matter was noticed even under AM colonization under higher 
salinity levels in -N, -K and PEG treatments. In response to salt stress, root biomass 
reduction of tomato (Latef and Chaoxing, 2011) and Jatropha curcas (Kumar et al., 
2010) have been reported even when the plants were inoculated with fungi. Similar 
results were also reported by Hajbagheri and Enteshari (2011).  
In the present experiment, increase in the content of Na was noticed only in -
M plants of -N treatment with increase in the salinity level of the soil. Under 
conditions of higher salinity, plants tend to increase Na uptake which directly 
competes with K that is essential for various metabolic functions (Evelin et al., 
2009). The K/Na ratio ranged from 4.77 to 7.82 for non-saline plants and from 1.31 
to 1.98 for saline treated plants. No variation was observed between the +M and -M 
plants in K/Na ratio. A reduction in photosynthesis may occur due to higher level of 
Na (Mahajan and Tuteja, 2005). The Ca/Na ratio ranged from 6.45 to 13.36 in the 
treatments with no added salt and from 2.49 to 3.55 in high saline situations. No 
variation was noticed between +M and -M plants in Ca/Na ratio at higher salinities. 
Though Dixon et al. (1993); Giri and Mukerji (2004); Murkute et al. (2006); 
Ghazi and Al-Karaki (2006); Sharifi et al. (2007); Zuccarini and Okurowska (2008); 
Kohler et al. (2009); Kaya et al. (2009); Porras-Soriano et al. (2009); Khalil et al. 






reported reductions in the uptake of Na by AM inoculated plants, no such 
decreased uptake of Na by +M plants was observed in the present study. The 
Na concentration of all the salinity treated plants remained above the tolerance limit 
of 4 mg/g dry weight for tomato (Kirkby, 1992).  
AM fungi play a key role in terrestrial ecosystems and are major drivers of 
global carbon and nutrient cycles (Heijden et al., 2015). Optimal resource allotment 
in mycorrhizas is highly dynamic (Johnson et al., 1997) and conditional-causative 
(Hoeksema et al., 2010), the costs and gains from symbiosis relies on relative 
availability of resources and imbalance amongst symbiotic partners (Grman and 
Robinson, 2013). Fungi reckon on the plant-fixed carbon for survival, and can 
exploit a significant amount of host photo assimilates (Harris and Paul, 1987; Bago 
et al., 2000). This typifies a carbohydrate cost to the plant since the carbon supplied 
to the symbiont will not be accessible for plant biomass production. Plant-fungi 
mutualism and or partnering effect are only sustainable if both the nutrient and water 
gains by the plant far exceed the carbon that is supplied to the fungi (Torres et al., 
2011). Under stressful conditions of direct carbon source limitation, fungal 
improvement and augmentation may become a stressful task below a certain 
threshold of carbon production, inhibiting growth of the host rather than actually 
promoting it. At this juncture under this set of conditions, carbon demand by fungi 
becomes a hardship with a cost deemed quite high for the stressed plant to pay for 
(Koltai and Kapulnik, 2010). In our present experiment, the reduction in plant growth 
parameters by AM inoculated plants under higher saline conditions may be due to the 
increased uptake of carbohydrates by mycorrhiza under -N, -K and PEG treatments. 
Only the plants under -P treatments showed a reasonable growth rates at higher 






suggest, plants can allocate 10 and 20% of their photosynthates to AM fungi 
(Jakobsen and Rosendahl, 1990; Pearson and Jakobsen, 1993; Johnson et al., 2002, 
2005; Nottingham et al., 2010).  
The Ca concentration of plants staggers between 1 and 50 g/kg depending on 
growing conditions, plant species and plant organ (Hawkesford et al., 2012). Salinity 
had not affected much in the uptake of this nutrient in all the treatments under +M 
and -M conditions in the present tomato experiment. Giri et al. (2003) reported 
constancy in Ca concentration of shoot tissues with +M and -M Acacia 
auriculiformis plants. This suggests that AM fungi participates actively only in the 
uptake of nutrients moving by diffusion and not by mass flow (Tinker, 1975). 
Rhodes and Gerdemann (1978) pointed out that unlike P, Ca is not readily 
translocated to roots through AM fungal hyphae.  All the treatment plants contained 
more than the optimum range of 3-4 mg/g Ca concentration for tomato (Romheld, 
2012) in their shoot. Calcium can be furnished at high concentrations, reaching more 
than 10% of the dry weight in mature leaves, without any toxic symptoms or critical 
plant growth inhibition (Hawkesford et al., 2012). A very high content of Ca is 
present in the roots compared to the shoots irrespective of the nutritional treatments. 
 In this current experiment on tomato, salinity had not affected the uptake of 
Mg nutrient in both +M and -M plants. A reduction in total Mg content was observed 
only in -N treatment by +M infected plants under +S condition. In all the other 
treatments, the total Mg
 
content of the plants remained on par. All the plants in all the 
treatments were able to show Mg concentration higher than the optimum range of 
3.5-8 mg/g dry weight (Romheld, 2012) in their shoot. Very high Mg content was 






AM plants showed a decline in total Cu content under higher saline 
conditions compared to no salinity treated plants in No K treatment.  Al-Karaki 
(2000) recorded a decline in Cu with increased salinity by AM inoculation. The 
critical deficiency concentration of Cu in the vegetative plant parts are normally in 
the range of 1-5 μg/g dry weight, depending on plant species, plant organ, 
developmental stage and N supply (Thiel and Finck, 1973; Robson and Reuter, 1981) 
with the critical deficiency concentration in the just budded emergent leaf being less 
affected by ecological factors than the older set of leaves (Broadley et al., 2012). 
Romheld (2012) reported 6-12 μg/g dry weight as the adequate range of Cu for 
tomato. For most crop species, critical toxicity levels of Cu in the leaves are above 
20 to 30 μg/g by dry weight (Von Hodenberg and Finck, 1975; Robson and Reuter, 
1981). In the present experiment on tomato all the treatment plants contained more 
the critical toxicity limit for Cu. This higher level may be due to leaf contamination 
with dust (Macnair, 2003; Chipeng et al., 2010). Very high Cu content was present in 
the root compared to the shoot irrespective of the nutritional treatments. 
In the present study, a decrease in uptake of Mn with increase in salinity was 
observed in AM plants in -N treatment. No variation in the uptake of this element 
was noticed in the other treatments. Romheld (2012) reported 40-100 μg/g dry 
weight as the adequate range of Mn for tomato shoot. All the treatment plants were 
able to show Mn concentration in this critical range for tomato. A decrease in Fe 
with increase in salinity level was observed in all the treatments except -N 
supplemental treatment. Reduction was noticed in both +M and -M plants. The 
critical deficiency concentration of Fe in leaves is in the range of 50-150 mg/kg dry 
weight (Broadley et al., 2012). Though a reduction was noticed in the total Fe 






the critical range of Fe concentration in their shoot. A very high concentration of Fe 
was seen in the roots.  
 
2.5 Conclusion 
 In tomato, this horizontal split-root experiment was conducted to examine the 
effect of local AM inoculum in the uptake of nitrogen, phosphorus, potassium and 
water from saline soil. Salinity increments affected both extend of AM fungal root 
colonization and the plant growth. There was a direct negative effect of salinity on 
the AM fungus as well as the plant. Enhancement in the uptake of nitrogen, 
phosphorus, potassium and water did not occur by mycorrizal inoculation possibly 
due to the non effectiveness of AM fungal and plant symbiosis in this particular 













Chapter 3: Effects of Root Exposure to Spatially Limited Drought or 




In the United Arab Emirates (UAE) and most of the Middle Eastern 
countries, the date palm is the oldest and most widely cultivated tree that is 
commercially the most important tree in the life of its people and their heritage. Date 
palm accounts for more than 1500 cultivars around the world (Zaid and Arias-
Jimenez, 2002). Apart from its importance for nutrition and economy, date palm tree 
demands water in low amounts, bears the brunt of aridity along with salinity stresses 
(Diallo, 2005). Global productivity outputs for commercial utility of dates are 
continuously on the rise (Botes and Zaid, 2002). 
Date palms are native to the desert ecosystems of the Gulf region. In the wild, 
the plants grow in areas where their roots have access to subsoil water or 
groundwater resources. Since rainfall is very little, the plants are rarely exposed to 
moisture in the topsoil. When grown on farms or urban landscapes, date palms are 
commonly irrigated from the surface, leaving their roots exposed to a more 
homogeneous distribution of moisture within the soil profile. There are a lot of 
opinions on the consequences this practice may have on root growth, plant water use 
and nutrient uptake of date palms. Some landscapers say that root systems of surface 
irrigated date palms would be shallower, and provide less anchorage. Others suggest 
that the plants might stop expressing their inherent water saving mechanisms. 







Soil salinity is often heterogeneous. Alterations in the soil salinity, both 
horizontal and vertical does occur owing to the coaction and exchange amongst soil 
leaching events as a consequence of rainfall and/or irrigation, infiltration of water, 
solute evapotranspiration effects, triggered due to evaporation from moist soil 
surfaces and root water extraction (Tanji, 2002; Bennett et al., 2009). 
For saline habitats, water absorption effect subsequently leads to Na and Cl 
exclusion at root surface as roots do partly filter ions in principle (Munns et al., 
1983). This can even affect the root-zone spacial distribution of salts (Hamza and 
Aylmore, 1992; Jobbágy and Jackson, 2004; Vetterlein et al., 2004; Homaee and 
Schmidhalter, 2008). Irrigated lands also represent heterogeneous salt distribution 
(Frenkel, 1984). With trickle irrigation systems, salts leach beneath drip irrigation 
emitters, but mostly pile up between emitters at soil surface (Frenkel, 1984; 
Shalhevet, 1994; Sonneveld and Voogt, 2009). For flood-caused irrigation of bed-
furrow systems, the water and soluble salts do move, via capillarity, laterally and 
upwards into the alongside beds that are bordering and finally lead to substantial 
salinity shoot-up phenomena at the central beds (Corwin and Lesch, 2005). 
Date palms are known to be salinity-tolerant (Maas, 1990, 1993). 
Physiological mechanisms underlying salinity tolerance in date palms are not 
completely understood, but salt exclusion rather than inclusion seems to be related to 
the extent by which salinity is tolerated. In their natural habitat, date palms may 
encounter salinity either in all parts of their root system, or restricted to the topsoil or 
subsoil. In areas where groundwater is saline, date palms may be exposed to subsoil 
salinity, with the topsoil being non-saline, or saline as well. In many places where 
date palms are grown under surface irrigation, water supplied to the plants is 






the subsoil. Though exposure of roots to heterogeneous distribution of salinity in the 
rooting zone may be a common situation for deep rooting plants of arid lands, the 
effects this has on root growth, water use and nutrient uptake have rarely been 
studied. Some plant physiological responses to salinity stress are similar to those 
observed in response to dry soil, as salts cause a decrease in the soil water potential.  
Agricultural practices tend to homogenize the soil for root growth, but soils in 
which most crops grow are often heterogeneous (Shani et al., 1993). In fact, soil 
water content and salinity levels are seldom uniform in saline fields (Zekri and 
Parsons, 1990; Kaman et al., 2006). Therefore, understanding the pattern of plant 
response, the resulting effects, the underlying mechanisms, as well as the potential 
application are very important for crop production in saline fields. Split-root systems 
have been widely used to study the effects of different root environments including 
salinity variation in soil (Zekri and Parsons, 1990; Bazihizina et al., 2009). This 
experiment on date palm was performed to test the following hypothesis. The 
hypothesis was that in plants that can tolerate high tissue Na and Cl concentrations 
(like the date palm), partial rootzone salinity will increase plant water use efficiency 
in a similar way as does partial rootzone drying.  
 
3.2 Materials and Methods 
3.2.1 Plant materials  
Clonal plantlets of date palm (Phoenix dactylifera L. cv. Nabtat Sultan) used 
in this study were supplied by the Tissue Culture Unit of United Arab Emirates 
University located at Al Foah. Ten months-old plantlets were used for this study. 
Nabtat Sultan is an important cultivar around Riyadh town in the Kingdom of Saudi 






3.2.2 Construction of the horizontal split root pots 
Cylindrical gray pots made of polyvinyl chloride with 0.5 cm thickness; 60 
cm height and 24 cm diameter were used in this study. The upper and lower 
compartments were separated by a perforated styrofoam, so that roots can penetrate 
and grow into the lower compartment. The holes in the styrofoam were filled with a 
layer of hydrophobic sand (Salem et al., 2010) to hydraulically separate the two 
compartments. Two (2) tubes of approximately 2 cm diameter were inserted on the 
two sides of the styrofoam for irrigating the lower compartment. In order to prevent 
water reaching the lower compartment in a flush, the lower ends of these pipes were 
provided with a microfiber cloth strip.  
 
3.2.3 Growth substrate and mycorrhizal inoculation 
Both compartments were filled with 17 kg of 1 mm sieved fertilized field soil 
(Table 53) from a dune area in Al Foah (24021’03.4”N 55048’42.9” E). Same 
fertilization level was maintained in the upper and the lower compartment.  
 
Table 53: Fertilization dosage followed for fertilizing the soil.  
Mineral nutrient Dosage mg/kg soil Fertilizer used 
Nitrogen 150 Urea 
Phosphorus 70 Single super phosphate 
Potassium 200 Sulfate of potassium 
Magnesium 150 Magnesium sulfate 
Iron 25 Fe EDTA 
Manganese 20 Manganese chloride 
Zinc 20 Zinc sulfate 








To inoculate the soil with native AM, fresh field soil from a vegetable field on 
the Al Foah Experimental Farm of the UAEU were mixed with fertilized field soil at 
a rate of 10% by weight. Individual compartmental soil was weighed and fertilized 
separately.  
 
3.2.4 Planting and experimental set up 
Young clonal date palms were transferred to the upper planting compartment 
with roots without disturbing the root ball. Total of 32 date palm seedlings were 
planted in this manner. The set-up was maintained in greenhouse until all plants have 
established and roots have reached the lower compartment. The pots were watered 
every alternate day, separately to the lower and upper compartments till the initiation 
of the actual experiment. Planting was done during March, 2014.  
After plant establishment, a small hole was drilled in the pot midway in the 
lower compartment and a 10HS soil moisture sensor from Decagon devices was 
inserted into each of the pot and fastened using silicone so that water does not ooze 
out through the sides of the hole. The moisture sensors were connected to Em50 Data 
Collection system from Decagon Devices, Inc, Washington (Figure 46). The loggers 
were configured to measure the volumetric water content at an interval of 60 
minutes. ECH20 utility software was used to transfer the available data to a 
computer. A TDR 100 moisture meter was used to measure the moisture content in 
the upper compartment. 
 
3.2.5 Calibration of moisture meters 
 Both 10 HS soil moisture sensors and TDR 100 moisture meter probe were 
calibrated before starting the actual experiment. Ten plastic bottles were filled 






moisture content of 0, 5, 10, 15 and 18% on weight basis. Four 10HS soil moisture 
sensors and one TDR 100 moisture meter probe were used for calibration. Since 
sensors measure the moisture content on volumetric basis, it was divided by the bulk 
density of the soil to convert to weight basis. The soil used in this experiment had a 
bulk density of 1.5. Regression equations were formed using the data collected using 
Microsoft Excel, 2010 and a readymade table was created for the amount of water to 
be added to 17 kg of soil to maintain moisture content of 5, 9, 14 and 18% for both 
the probes separately. Sensors were also calibrated for 3500 ppm and 7000 ppm 
salinity levels but a high variation in the readings was noticed at higher salinity 
levels.  
 
Figure 46: 10HS Soil moisture sensors (A) and Em50 data collection system (B) used 








Figure 47: Schematic diagram of the experimental setup. 
 
  






3.2.6 Establishment of the dry soil and salinity treatments 
 Dry soil treatments: The moisture level in both the compartments was 
measured using the moisture probes twice per week and replaced with de-ionized 
water. Totally there were four treatments with four replications (single plant per 
replicate). In the control treatments (+W/+W), the total amount of water lost was 
supplied in a way that the upper and lower compartment maintain an equal moisture 
level of 14%. In the (-W/+W ) treatment, water was supplied to the upper 
compartment only up to a moisture level of 9% w/w and the lower compartment 
14%. The (+W/-W) treatments were treated in the opposite way, with the lower 
compartment maintained at a maximum of 9 % w/w, and the upper compartment 
receiving up to 14%. The (+-W/-+W) treatment was treated as (+W/-W) and (-
W/+W) treatment alternatively, with a shift every two weeks. This schedule was 
followed for a period of 8 weeks. Then the water level in (-W) compartments were 
reduced to 5% and (+W) compartments were watered daily to replenish the lost water 
for a period of 2 weeks. The experiment was run for a total period of 10 weeks.   
 Salinity treatments: Initially 5000 mg/kg NaCl was mixed with the planting 
soil. In total, there were four salinity treatments with 4 replicates (single plant per 
replicate). Controls remained without salt application (-S/-S). The salt was applied 
only to the upper compartment (+S/-S), or only the lower compartment (-S/+S). In 
the (+S/+S) treatment, salt application was split over the upper and the lower 
compartment. Six months after planting, 1000 mg/kg NaCl was applied followed by 
another 1000mg/kg NaCl at one month interval. The moisture level in both the 
compartments was measured using the moisture probes twice per week and replaced 
with de-ionized water. For (-S) compartments, moisture level was maintained at 14% 






7000ppm NaCl and maintained for a period of 8 weeks. To further increase the 
salinity stress, 1000 ppm NaCl was added at the end of 8th week and 9th week. The 
experiment was terminated at the end of 10th week.  
  
3.2.7 Initiation of the irrigation treatments 
Irrigation treatments started in October, 2014 i.e. seven months after planting. 
Before starting the experiment, the plants were fertilized with nitrogen 100mg/kg 
soil, phosphorus 30mg/kg soil and potassium 100mg/kg soil with urea, single super 
phosphate and sulfate of potassium respectively. A lower level of phosphorus was 
applied to enhance the growth of AM fungus.  
 
3.2.8 Observations during the growth period  
The number of leaves and leaf elongation rate was measured at two weeks 
interval. To measure leaf elongation, the tip of the youngest leaf and the 
corresponding point in a fully matured leaf was marked with a marker pen. The 
difference between the two was taken as the leaf elongation rate.  
The moisture content in the upper compartments were measured with the 
TDR 100 moisture meter probe twice per week and the amount of water lost was 
replaced with de-ionized water. The volume of water to be added was available from 
the readymade table prepared after probe calibration. The data loggers of the 10 HS 
soil moisture sensors fixed in the lower compartment were connected to the laptop 
and the data transferred through the ECH20 utility software. The water lost from the 
lower compartment was also replaced with de-ionized water from the values 
available in the prepared readymade table. The volume of water replaced in the upper 
and lower compartments under various dry soil and salinity treatments were recorded 






Percentage of roots infected with mycorrhiza were assessed initially before 
planting, at the initiation and termination (upper and lower compartment roots 
separately) of the irrigation treatments. Before planting and at the initiation of the 
irrigation trials root samples were taken using a 1cm diameter cork borer. At final 
harvest, the roots samples were taken from the upper and lower compartment 
separately from the harvested roots. The roots were stained immediately for the 
examination of the AM fungal colonized root length.  
Leaf samples were collected separately from the young (fully developed) and 
oldest leaf at the initiation and termination of the irrigation trials from all the plants 
and analyzed for different elemental composition. Roots in upper and lower 
compartment were also analyzed for major and minor elements separately.  
 
3.2.9 Harvest and estimation of the total plant dry weight 
At final harvest, total dry matter produced by the plant under various 
treatments was evaluated. Initially the shoots were cut using a hand saw, washed well 
with tap water and finally with de-ionized water. The washed shoots were transferred 
to labelled paper covers and dried in a hot air oven at 70
0
C for two days. The roots in 
the upper and lower compartments along with soil were dried separately for two 
days. The roots were separated from the soil using a 1mm sieve, washed well with 
tap water and finally with de-ionized water. The roots of the upper and lower 
compartment were transferred to labelled paper covers and dried in a hot air oven at 
70
0
C for two days. After attainment of stable weight, the value recorded as dry 






3.2.10 Root sampling and assessment of AM fungal colonized root length  
Percentage of roots infected with mycorrhiza were assessed initially before 
planting, at the initiation and termination (upper and lower compartment roots 
separately) of the irrigation treatments by the method of Vierheilig et al., (1998). The 
roots were washed carefully to remove the soil and put in tea baskets. The tea baskets 
with roots were immersed in 10% potassium hydroxide (KOH) taken in a beaker and 
heated in a hot air oven at 65
0
C for 25 minutes. The roots were washed again in tap 
water and placed in vinegar for 2-3 minutes. The tea baskets containing roots were 
boiled for 5-7 minutes in 5% ink with vinegar. The stained roots were transferred to 
containers with little water and few drops of vinegar. After 24 hours, the roots were 
observed for the presence or absence of any conceivable fungal mycelium, vesicles, 
arbuscules etc. under microscopic observation (Figure 49). 
The counting was done by gridline intersect method (Giovannetti and Mosse, 
1980). Root pieces each approximately 1 cm long were selected at random from the 
stained samples and mounted on microscope slides. The presence or absence of 
colonization at each intersection of root and gridline was noted from the grid of 
squares under a dissecting microscope at x 40 magnification and expressed in 
percentage (%). 
 
3.2.11 Measurement of the element concentrations in the plant tissue  
Extracts from leaves collected in the initial stage of the irrigation treatments 
was done by ashing method. The leaves were cut into small pieces using a scissor, 
before representative samples were taken. About 280 to 320 mg of cut samples were 
weighed into a clean ceramic crucible and ashed in a muffle furnace at 550
0
C for two 
hours. After samples had cooled down, a few drops of deionized water was added 






evaporated on a hot plate. The crucibles with the dried samples were again placed in 
muffle furnace at 550
0
C for two hours. When cooled, 2.5 ml of 1:2 hydrochloric acid 
was added, and the contents were transferred to a 25 ml volumetric flask containing 
one small glass bead. The volumetric flasks were placed on a hot plate until the 
contents boiled, in order to break down polyphosphates. When the volumetric flask 
reached room temperature, the volume was made up to 25 ml using deionized water. 
The contents were then filtered through blue ribbon whatman no. 2 filter paper, and 
the filtrate collected in clean containers. The mineral elements phosphorus, 
potassium, calcium, magnesium, sodium, iron, manganese and copper were 
determined from the extract using Inductively Coupled Plasma Optic Emission 
Spectroscopy (ICP_OES) Model 710-ES, Varian, United States of America.  
Ten weeks after irrigation treatment initiation, extracts from the leaves and 
roots were prepared by microwave digestion system. The dried leaves and roots were 
ground into powder using a steel hammer mill. The CEM Mars 5 microwave 
digestion system was used to extract the elements from the shoot and root samples. 
The digestion procedure was based upon the recommendation in USEPA method 
3015A guidelines (USEPA, 1998). This microwave digestion method is designed to 
mimic extraction using conventional heating with nitric acid (HNO3) and 
hydrochloric acid (HCl). The leaf and root samples were prepared accurately by 
weighing 0.5 grams of sample into the microwave digestion vessels and adding 10ml 
of concentrated nitric acid (HNO3) and 2 ml hydrochloric acid (HCl). The vessels 
were capped and placed in the microwave digestion system. A suitable program was 
built using ICP Expert software selecting the analysis elements with respective 
wavelengths, sensitivities, interferences and linear regression equation. Prepared 






calcium, magnesium, sodium, iron, manganese and copper in the extract was 
determined from the calibration curve using Inductively Coupled Plasma Optic 
Emission Spectroscopy (ICP_OES) Model 710-ES, Varian, United States of 
America.   
The nitrogen content in the final leaf and root samples was determined by 
feeding approximately 50 mg of samples to a Vario Macro Cube CHNS Elemental 
Analyzer, Elementar Analysensysteme GmbH, Hanau, Germany.  
   
3.2.12 Statistical analysis 
The available data were statistically analyzed using SigmaStat 3.5 from 
Systat Software GmbH, Schimmelbuschstrasse 25, D-40699 Erkrath, Germany. ONE 
WAY ANOVA was performed for the different treatment comparisons at a 
significance level of p<0.05. Tukey test was used for all pairwise mean comparisons 
of the treatment groups at a significance level of p<0.05.  
 
3.3 Result 
3.3.1 Plant growth parameters 
3.3.1.1 Number of leaves per plant 
 Gradual increment in the leaf numbers was noticed from the commencement 
till the end of the experiment in all the dry soil treatments (Figure 49). No difference 
in the leaf number was observed at the end of the trial between the different 
treatments. 
Increase in the number of leaves was shown in all the plants under salinity 
treatments (Figure 49). Non saline treated plants produced more number of leaves 






were produced by the homogeneous salinity (+S/+S) treatment plants also from the 
fourth week. The heterogeneous salinity treated plants produced comparatively lesser 
number of leaves than no saline (-S/-S) and homogeneous saline treatments.  
 
Figure 49: Number of leaves produced by date palm under various dry soil and 
salinity treatments.  
 
3.3.1.2 Youngest leaf elongation 
The youngest leaf of date palm elongated gradually in all the dry soil 
treatments (Figure 50). From fourth week onwards, greater elongation of leaves was 






maintained in both the compartments. A comparable leaf elongation was also 
recorded up to 10 weeks in plants where the deficit and full irrigation was shifted (+-
W/-+W) every two weeks. Both the heterogeneous irrigation treatment plants showed 
a comparatively lower leaf elongation. Similar leaf elongation rates were noticed in 
both the heterogeneous irrigation treatments throughout the study period.   
 
Figure 50: Elongation of youngest date palm leaves under various dry soil and 
salinity treatments.  
 
The youngest leaves of date palm showed a gradual elongation in all the 






added salt showed a higher elongation rate from second week onwards. The 
homogeneous salinity treated plants (+S/+S) and heterogeneous salinity treated 
plants (-S/+S), (+S/-S) did not show any variation in youngest leaf elongation rate 
among them.  
 
3.3.2 Evapotranspiration 
 The evapotranspiration of the control plants (+W/+W) were the highest 
among the treatments (Figure 51). Lowest evapotranspiration rate was recorded in (-
W/+W) treatment. The percentage contribution of water from upper compartment has 
increased in (+W/-W) treatment and decreased in (-W/+W) treatment. (+-W/-+W) 
treatment remained in between these two treatments in the upper compartment water 
contribution (Table 54).  
The evapotranspiration of control plants (-S/-S) remained the highest among 
the treatments under different salinity levels (Figure 51). The plants with higher 
salinity in lower compartment (-S/+S) had the least evapotranspiration rate. The 
percentage contribution of water from upper compartment remained more or less the 
same in the homogeneous salinity treatment (+S/+S) and heterogeneous higher 
salinity in the upper compartment (+S/-S). The homogeneous salinity treated plants 
were able to show a comparable evapotranspiration rate with dry soil treatment 
plants. The heterogeneous salinity plants showed a decreased evapotranspiration rate 








Figure 51: Evapotranspiration (l/pot) of date palm plants under various dry soil and 
salinity treatments.  
 
Table 54: Percentage of water contribution from the upper compartment.  
+W/+W +W/-W -W/+W +-W/-+W 
78 86 50 72 
    
-S/-S -S/+S +S/-S +S/+S 






   
Figure 52: Gravimetric soil water content (%) in the upper and lower compartments 







Figure 53: Quantity of water in ml added to the upper and lower compartment soil 








Figure 54: Quantity of water in ml added to the upper and lower compartment soil 
under various salinity treatments.  
 
3.3.3 Extent of arbuscular mycorrhiza fungal root colonization 
 Different irrigation treatments had no influence on the percentage of 
mycorrhizal colonization (Figure 55) in the trial initiation stage and the upper 
compartment roots towards the end of the trial. Whilst the roots under alternate 






lower compartment. Compared to control, a higher infection percentage was noticed 
in heterogeneous water treatments in the lower compartment roots. 
 
Figure 55:  Percentage of total root length colonized by mycorrhiza fungal structures 
in date palm roots.  
 
Lower mycorrhizal colonization was observed under elevated salinity levels 
in the upper compartment of (+S/-S) and (+S/+S) at the initiation of irrigation 
treatments. At the termination of the trial, control plants had the highest mycorrhizal 
colonization. In the lower compartment, homogeneous salinity treatment (+S/+S) 






homogeneous and heterogeneous salinity treatments compared to the dry soil 
treatment plants. 
 
Figure 56: Roots of date palm colonized by arbuscular mycorrhizal fungi.  
(A) Hyphae and (B) Vesicles are stained in blue color. 
 
3.3.4 Total plant dry matter at the time of harvest 
 No difference was observed in the total dry matter (Table 55) produced under 
homogeneous and heterogeneous irrigation treatments.  
 
Table 55: Total and shoot dry matter produced by of date palm plants.  
Total dry matter   
+W/+W +W/-W -W/+W +-W/-+W 
458±51 a 450±31 a 441±34 a 436±84 a 
    
-S/-S -S/+S +S/-S +S/+S 
460±54 b 280±17 a 265±22 a 304±48 a 
Shoot dry matter   
+W/+W +W/-W -W/+W +-W/-+W 
351±38 a 333±38 a 320±25 a 323±51 a 
    
-S/-S -S/+S +S/-S +S/+S 
348±30 b 206±14 a 183±18 a 225±26 a 
Means (±SD) labeled with different letters are significantly different (p<0.05, n=4) 






Even the contribution of shoot, roots in the upper and lower compartments 
remained the same between the treatments (Figure 57). Control plants (-S/-S) 
recorded the highest dry matter among the salinity treatments (Table 55). No 
difference was observed in the total dry matter among the homogeneous and 
heterogeneous salinity treatments. Though no variation was observed in the total dry 
matter produced between homogeneous and heterogeneous salinity treated plants, a 
marked reduction was noticed compared to the dry soil treatment plants. Salinity has 
indeed affected total dry matter. The reduction in total dry matter is due to the 
reduction in shoot dry matter under elevated salinity. 
 







3.3.5 Water use efficiency 
 No difference was observed in the water use efficiency among the various dry 
soil treatment plants (Table 56). However, the heterogeneous salinity treated plants 
with subsoil salinity showed increased water use efficiency on par with the control 
plants.  
 
Table 56: Water use efficiency (mg/l) of date palm for a period of 10 weeks 
+W/+W +W/-W -W/+W +-W/-+W 
1.01±0.07 a 0.99±0.08 a 1.06±0.12 a 1.05±0.13 a 
    
-S/-S -S/+S +S/-S +S/+S 
0.93±0.07 b 0.95±0.10 b 0.70±0.12 a 0.71±0.08 a 
Means (±SD) labeled with different letters are significantly different (p<0.05, n=4) 
by Tukey’s test. 
 
3.3.6 Plant nutritional status 
Nitrogen: No observable variation in the concentration of N was noticed 
among the different dry soil treatments in the fully developed new leaf and the oldest 
leaf at the end of the trial (Figure 58). An increase in the concentration of N was 
noticed in (-S/+S) new fully developed leaves and (+S/-S) old leaf compared to 
control plants.  
The N concentration remained the same in the lower and upper 
compartmental roots in the dry soil treatment (Figure 59). Plants under (-S/+S) 
possessed increased concentration of N in both lower and upper compartmental roots 
compared to (+S/-S) and (+S/+S) treatments. A higher concentration of N was 
noticed in the roots of the lower compartment compared to the upper compartment 








Figure 58: N concentration in mg/g dry weight in the fully developed new and oldest 




Figure 59: N concentration (mg/g dry weight) of the upper and lower compartment 
roots of date palm plants.  
 
 
 Phosphorus: No variation was observed among the youngest leaves of the 






towards the end of the experiment (Figure 60). But a significant reduction in P 
concentration was observed in the final stages. Though the concentration of P 
remained equal in the initial stage of trial in the oldest leaf, a decline in P 
concentration was observed in (+-W/-+W) treatment towards the end with the 
induction of the dry treatments compared to control plants. A reduction in P 
concentration was also noticed in all the treatments in the final stages compared to 
the initial stages. A reduction in P concentration was noticed in oldest leaves 
compared to the new leaves. No variation was observed in the roots among the 
treatments (Figure 61).  
No variation was observed among the youngest leaves of the salinity 
treatment plants in the concentration of P in the irrigation trial initiation stage and 
towards the end of the experiment. But a significant reduction in P concentration was 
observed in the final stages compared to the initial stages. The oldest leaves 
contained higher P concentration in (-S/+S) heterogeneous saline treatment during 
the commencement of the trial and (+S/+S) homogeneous treatment in final stages 
compared to the control plants. But a significant reduction in P concentration was 
observed in all the salinity treatment shoots towards the end of the trial in the oldest 
leaf. The (+S/+S) homogeneous salinity treatment plants contained more P 
concentration compared to (+S/-S) and control plants in the roots of the upper 
compartment. The treatment with added salinity in upper compartment (-S/+S) had a 
decreased P concentration in their lower compartmental roots compared to other 
salinity treated plants (Figure 61). 
Though the salinity treated plants showed a higher concentration of P in 






was the same in the final stages. The range of P concentration was the same between 
dry soil and salinity treated plants in the roots of the upper and lower compartment. 
 
 
Figure 60: P concentration (mg/g dry weight) in the fully developed new and oldest 
leaf of date palm plants.  




Figure 61: P concentration (mg/g dry weight) of the upper and lower compartment 






Potassium: The concentration on K remained the same between the dry soil 
treatment plants both in the initial and final stages of the study (Figure 62). But a 
marked increase in the concentration of K in the young leaves towards the end of 
study was recorded compared to the young leaves in the initial stages. But the K 
concentration in the oldest leaves remained the same in the initial and final stages 
and among the various dry soil treatments. No variation in K concentration of roots 
was observed among the dry soil treatments in both the compartments (Figure 63). 
 
Figure 62: K concentration (mg/g dry weight) in the fully developed new and oldest 
leaf of date palm plants.  
* represents significant difference between initial and final concentrations by t-test 
(p<0.05).  
 
Though an increase in K concentration was noticed in homogeneous salinity 
treatments compared to control in the trial initiation stage of the young leaves, 
concentration remained the same in the final stages (Figure 62). But a substantial 
increase was noticed towards the end. The concentration of K in the oldest leaf was 
more or less stable in the beginning and end of trial as well as amongst various 






compartment (-S/+S) had higher K concentrations compared to other heterogeneous 
salinity (+S/-S) treatment in the upper compartmental roots (Figure 63).  
 No marked variation was observed between the dry soil and salinity 
treatments in the K concentration of new and older leaves, and lower and upper 
compartmental roots.  
 
Figure 63: K concentration (mg/g dry weight) of the upper and lower compartment 
roots of date palm plants.  
 
 Sodium: No observable variation was noticed among the plants in the Na 
concentration of young and older leaves in the dry soil treatment plants (Figure 64). 
But a reduction in concentration towards the final stages was observed. In the salinity 
treated plants, no difference in Na concentration was observed in the younger leaves 
initially. An increase towards the final stages was noticed in (+S/-S) salinity treated 
plants compared to control but remained very lower than the initial levels. In the 






than the homogeneously treated plants in the final stages. No variation was observed 
in the range of Na between the salinity and dry soil treatment leaves.  
 
Figure 64: Na concentration (mg/g dry weight) in the fully developed new and oldest 
leaf of date palm.  




Figure 65: Na concentration (mg/g dry weight) of the upper and lower compartment 






No variation in Na concentration was observed in the roots of dry soil 
treatment plants (Figure 65). But the plants under homogeneous and heterogeneous 
salinity conditions contained more Na in their upper and lower compartmental roots 
compared to the control. Lower compartmental roots contained more Na than the 
upper compartmental roots. 
 
 Calcium: The concentration of Ca remained more or less the same in the 
young leaf during the initial and towards the end of the trial period among the 
various dry soil treatments (Figure 66). Though the (+-W/-+W) treatment contained 
more Ca concentration in initial stages in the oldest leaves compared to control and 
(+W/-W) treatment, the concentration remained the same in the final stages in all the 
treatments. But a sharp reduction was realized in all the older leaves towards the end 
compared to the initial stages.  
Homogeneous salinity treated plants contained higher Ca concentration in 
their young leaves compared to control plants in the initial stages. But in the final 
stages, the concentration remained the same among the various salinity treatment 
plants. Though the Ca concentration remained the same among the salinity treatment 
plants in their oldest leaf, both in the trial initiation and final stages, a significant 
reduction in Ca concentration was noticed towards the end. No marked difference 
was noticed in the concentration of Ca among the treatments in the roots (Table 57). 
The oldest leaves contained higher Ca concentration than the youngest leaves in both 







Figure 66: Ca concentration (mg/g dry weight) in the fully developed new and oldest 
leaf of date palm plants.  
* represents significant difference between initial and final concentrations by t-test 
(p<0.05) 
 
Table 57: Ca concentration (mg/g dry weight) in the upper and lower compartment 
roots of date palm plants.  
 
+W/+W +W/-W -W/+W +-W/-+W 
Roots UC 7.75±1.81 a 8.98±1.34 a 8.03±1.61 a 8.07±1.18 a 
Roots LC 8.01±2.56 A 8.72±2.42 A 9.42±2.66 A 10.99±2.32 A 
 
-S/-S -S/+S +S/-S +S/+S 
Roots UC 8.35±1.33 a 6.32±1.04 a 6.41±0.77 a 7.32±1.78 a 
Roots LC 9.23±2.53 A 6.63±1.33 A 6.94±0.53 A 8.89±1.04 A 
Means (±SD) labeled with different letters are significantly different (p<0.05, n=4) 
by Tukey’s test. 
 
Magnesium: No difference was observed in the concentration of Mg among 
the various dry soil treatments in the initial and final stages of the young leaves 
(Figure 67). (+-W/-+W) treatment recorded a higher Mg concentration in the oldest 






concentration was noticed towards the end compared to initial stages in the older 
leaves of all the treatment plants.  
 
Figure 67: Mg concentration (mg/g dry weight) in the fully developed new and oldest 
leaf of date palm plants.  
* represents significant difference between initial and final concentrations by t-test 
(p<0.05). 
 
Increased Mg concentration was observed only in the youngest leaves of the 
control plants in the final stages compared to all other salinity treatment plants. 
Though the oldest leaves contained an even Mg concentration at the initial and final 
stages among the treatments, a sharp reduction was noted at final stages compared to 
the initial. The range of Mg concentration remained the same between dry soil and 
salinity treatments. Not much variation was observed in roots (Table 58). Generally 
the roots in the lower compartment contained higher Mg concentration compared to 









Table 58: Mg concentration (mg/g dry weight) in the upper and lower compartment 
roots of date palm plants.  
 
+W/+W +W/-W -W/+W +-W/-+W 
Roots UC 4.85±0.49 a 4.53±1.17 a 4.22±0.45 a 5.19±1.64 a 
Roots LC 9.88±1.47 A 10.17±2.03 A 10.18±1.22 A 10.94±2.21 A 
 
-S/-S -S/+S +S/-S +S/+S 
Roots UC 4.34±0.48 a 5.15±0.28 b 3.64±0.21 a 3.91±0.38 a 
Roots LC 10.52±1.47 B 6.95±0.64 A 7.43±1.03 A 7.72±0.72 A 
Means (±SD) labeled with different letters are significantly different (p<0.05, n=4) 
by Tukey’s test.  
 
Copper: Though the Cu concentration remained the same among the various 
dry soil treatments in both new and oldest leaves in the beginning and end of the 
experiment, a marked reduction in Cu concentration was detected in all the treatment 
plants in the final stages (Figure 68).  
No variation was observed in the young and older leaves under various 
salinity treatments in the initial stages. But in the final stages, an increase was 
observed in young leaves of heterogeneous salinity treated plants with added salt in 
the lower compartment (-S/+S) compared to other saline treated plants in the 
youngest leaf. An increase in Cu concentration was noticed in (+S/-S) plants 
compared to (-S/+S) in the older leaves in the final stages. Generally a decline in Cu 
concentration was noticed towards the end of the trial both in young and older leaves. 
An increase Cu concentration was observed only in the lower compartmental roots of 
the control plants (Table 59) in the salinity treatment. The Cu concentration was 
more in the lower compartmental roots compared to the upper compartmental roots 







Figure 68: Cu concentration (μg/g dry weight) in the fully developed new and oldest 
leaf of date palm plants.  
* represents significant difference between initial and final concentrations by t-test 
(p<0.05). 
  
Table 59: Cu concentration (μg/g dry weight) in the upper and lower compartment 
roots of date palm plants.  
 
+W/+W +W/-W -W/+W +-W/-+W 
Roots UC 22.14±1.88 a 22.49±2.72 a 22.31±3.23 a 30.42±2.49 a 
Roots LC 48.93±15.52 A 64.45±11.88 A 57.65±24.72 A 83.59±12.64 A 
 
-S/-S -S/+S +S/-S +S/+S 
Roots UC 27.41±5.66 a 20.34±6.19 a 25.95±4.87 a 20.68±4.66 a 
Roots LC 65.03±11.07 B 35.72±5.79 A 41.60±6.21 A 53.56±2.13 AB 
Means (±SD) labeled with different letters are significantly different (p<0.05, n=4) 
by Tukey’s test.  
 
Manganese: The concentration of Mn remained the same among the different 
treatments in the young leaves in the initial and later stages of the dry soil treatment 






+W) treatment of the older leaves compared to control plants in the trial initiation 
phase, final Mn remained the same among the treatments.  
 
Figure 69: Mn concentration (μg /g dry weight) in the fully developed new and oldest 
leaf of date palm plants.  
* represents significant difference between initial and final concentrations by t-test 
(p<0.05). 
 
Though the Mn concentration remained uniform in all the salinity treatment 
plants in the young leaves at initial stage, a substantial increase was noticed in 
heterogeneous salinity treatment plant with increased salinity in the upper 
compartment (+S/-S) in the final stages. No difference in the Mn concentration was 
noticed in the older leaves among the treatments in the initial and final stages. A 
slightly higher concentration of Mn was noticed in saline treated plants compared to 
dry soil treated plants in their old and newest leaves in the final stages. Variations in 
the Mn concentration were observed only in the roots of the upper compartment in 
the salinity treatment (Table 60). Comparatively higher concentration of Mn was 






Table 60: Mn concentration (μg/g dry weight) in the upper and lower compartment 
roots of date palm plants.  
 
+W/+W +W/-W -W/+W +-W/-+W 
Roots UC 23.50±3.44 a 29.29±7.95 a 20.86±3.58 a 26.54±9.42 a 
Roots LC 41.28±49.02 A 38.37±44.00 A 41.15±6.81 A 44.01±5.78 A 
 
-S/-S -S/+S +S/-S +S/+S 
Roots UC 31.77±5.29 b 22.40±3.54 a 43.79±2.99 c 31.56±4.56 b 
Roots LC 49.03±23.58 A 54.00±13.60 A 66.92±10.79 A 67.19±16.22 A 
Means (±SD) labeled with different letters are significantly different (p<0.05, n=4) 
by Tukey’s test.  
 
Iron: (-W/+W) and (+-W/-+W) treatments recorded the highest Fe 
concentration in the young leaves compared to control in the initial stages (Figure 
70). In the final stages (-W/+W) treatment contained higher Fe concentration 
compared to (+W/-W) treatment in their youngest leaves.  (-W/+W) and (+-W/-+W) 
recorded the higher Fe concentration in the oldest leaves in the final stages compared 
to (+W/-W) treatment. 
Though the Fe concentration remained the same among the salinity 
treatments in the young leaves initially, both the heterogeneous salinity treated plants 
registered the highest Fe concentration in the end of trial. In the older leaves also Fe 
concentration was the same between the various salinity treatments in the initial 
stages. But the heterogeneous salinity treated plants with added salt in the upper 
compartment (+S/-S) recorded an increased Fe concentration in their older leaves 
towards the end compared to homogeneous salinity treated plants (+S/+S). A general 
decline in Fe concentration was noticed in final stages compared to the initial stage 






under elevated salinity compared to the dry soil treatment plants in the youngest 
leaves.  
 
Figure 70: Fe concentration (μg/g dry weight) in the fully developed new and oldest 
leaf of date palm plants.  
* represents significant difference between initial and final concentrations by t-test 
(p<0.05). 
 
Table 61: Fe concentration (μg/g dry weight) in the upper and lower compartment 
roots of date palm plants.  
 
+W/+W +W/-W -W/+W +-W/-+W 
Roots UC 341.55±46.80 a 377.94±89.74 a 324.69±42.13 a 398.84±61.43 a 
Roots LC 721.51±55.69 A 566.51±112.90 A 710.50±39.01 A 615.07±46.97 A 
 
-S/-S -S/+S +S/-S +S/+S 
Roots UC 491.21±108.20 ab 300.88±107.98 a 694.99±46.23 b 406.81±80.89 a 
Roots LC 615.98±30.73 B 356.28±99.13 A 385.50±33.79 AB 548.23±172.51 AB 
Means (±SD) labeled with different letters are significantly different (p<0.05, n=4) 
by Tukey’s test.  
 
Variations in Fe concentrations were noticed only in the salinity treated roots 
(Table 61). Roots in the lower compartment contained more Fe concentration 







 Current understanding of date palm behavior under conditions of salinity 
stress can be duly credited principally to the credible works published in the 1960s 
by Furr and collaborators (Furr and Armstrong, 1962; Furr et al., 1966; Furr and 
Ream, 1968). Based on these works, the date palm has been classified (Maas, 1990, 
1993) as “tolerant”.  
In the present study on the effects of salinity on vegetative growth parameters 
of date palm like leaf production rate and growth rate of newest leaves, indicated that 
the extent of reduced growth due to salinity increased over time. The same effect was 
reported in date palm by Tripler et al. (2011). In the present study, no difference was 
observed under heterogeneous and homogeneous salinity-treated plants in growth 
parameters. However an improved plant growth under non-uniform salinity was 
reported by Zekri and Parsons, 1990; Sonneveld and de Kreij, 1999; Tabatabaie et 
al., 2003; Dong et al., 2008, 2010; Bazihizina et al., 2009; Kong et al., 2012. The 
leaf number was not much affected by the dry soil treatment but the plants under 
alternate cycles of wet and dry treatment produced comparable youngest leaf 
elongation rate with the control plants.  
Exposing the roots to increased homogeneous or heterogeneous salinity 
conditions reduced the total dry matter of the experimental plants compared to the 
control in the present study. As for the heterogeneous salinity on horizontal mode, 
increase in the dry matter of shoot due to partial root system exposure to lower 
salinities compared to the plants consistently exposed to salinity is reported by many 
authors (Zekri and Parsons 1990; Shani et al., 1993; Hajji et al., 2001; Flores et al., 
2002; Messedi et al. 2004; Lycoskoufis et al., 2005; Attia et al., 2008; Hamed et al., 






variation was noticed in the total dry matter produced by homogeneous and 
heterogeneous saline plants which was markedly lower than the control plants with 
no added salt. No significant reduction in dry matter was noticed in the present 
experiment by dry soil treatments compared to the control plants. No reduction of 
plant dry matter due to reduced water use by dry soil treatments was also reported by 
Wang et al. (2009).  
In the current study, total water use decreased under salinity stress, regardless 
of salt distribution in both root portions as reported by Kong et al. (2012). Water 
uptake is a proportional value reflected according to the atmospheric, shoot, root and 
soil water potential gradient and this could also be a commensurate liability 
dispensed according to hydraulic conductance with every component of soil-plant 
continuum conditionally where water moves in liquid form (Nobel, 2009). Hence, 
plants tend to take up water from the depth with minimum salinity and minimize the 
uptake from other parts as long as the zone with minimum salinity contains enough 
water to satisfy the evaporative demand (Homaee and Schmidhalter, 2008). In the 
present trial on homogeneous and heterogeneous salinity applications, heterogeneous 
salinity allocation with added salt in the upper compartment (+S/-S) took up 65% of 
water from the lower compartment. Plants experiencing heterogeneous salinity 
conditions do variably compensate for the reduced water uptake from high-salt zones 
by drawing more water from the low-salinity zones (Bingham and Garber, 1970; 
Zekri and Parsons, 1990; Shani et al., 1993; Flores et al., 2002; Bazihizina et al., 
2009; Kong et al., 2012). It need to be pondered that with studies involving vertical 
and horizontal heterogeneous salinities, the water uptake from the salinity zones did 
not stop, reckoning 9 to 30 % of the total water uptake and this had widely been 






Garber (1970); Bazihizina et al. (2009). In the heterogeneous salinity treatment with 
added salinity in the upper compartment, the water taken up from upper compartment 
was very much reduced. Bazihizina et al. (2009) remarked that with non-uniform 
NaCl concentrations, more water was found to be absorbed from the low salinity 
zone, and the reduction in water use from high salinity zone caused whole-plant 
water use to reduce and drop down and there was no visible compensatory water 
uptake from low salinity zone. 
In this study, dry soil treatments led to a significant compensatory effect on 
water uptake in the irrigated root zone. The same effect was reported by Hu et al. 
(2011). Under conditions of water deficiency, the plants take up more water from the 
wet compartment and compensate for the reduction in the dry compartment. 
Compensatory water absorption from the wetted zone was also reported by Tan and 
Buttery (1982); Poni et al. (1992). For the two fixed dry compartment treatments, 
total water uptake by plants was largely determined by the soil water moisture in the 
irrigated root zone.  
It is extensively believed in general that the production of ABA in drying 
roots and its subsequent transport to leaves along the xylem stream play a leading 
role in chemical signaling of soil water standing conditions and stomatal conductance 
control (Loveys, 1984; Zhang and Davies, 1990; Davies and Zhang, 1991; Sauter et 
al., 2001; Davies et al., 2002; Liu et al., 2005; Dodd, 2007; Schachtman and 
Goodger, 2008). Various studies have demonstrated that both heterogeneous 
irrigation conditions and alternating cycles of wet and dry irrigation can capably 
induce ABA based root-to-shoot chemical signals regulating stomatal conductance 
and leaf expansion growth, with that increasing water use efficiency also (Liu et al., 






indicates that, at an identical degree of soil water deficit within the whole root zone, 
alternating cycles of wet and dry irrigation plants effectuate higher xylem ABA 
concentrations relative to heterogeneous irrigation plants thus leading to a valid 
stringent plant water loss control, henceforth causing an ameliorative improvement to 
water use efficiency (Kirda et al., 2005; Liu et al., 2006; Dodd, 2007; 2009; Wang et 
al., 2010). 
Stomatal conductance recession under salt stress could possibly be controlled 
by phytohormone signals inherent with plants that are drought-prone (Munns and 
Tester, 2008). ABA possibly plays a key role in root-to-shoot signaling for salinized 
plants like in plants that are drought-stressed (Munns and Cramer, 1996; Munns, 
2011). ABA levels that are found elevated in xylem and leaves of salt-treated species 
were attributed totally towards reduced transpiration effects (Kefu et al., 1991). Yet, 
it is still uncertain and approving that ABA is the sole root-derived signal under 
saline conditions (Munns, 2011). On the contrary, phytohormones such as cytokinins 
and aminocyclopropane carboxylic acid (an ethylene precursor), could possibly act 
and serve as a stress signal from saline media roots (Albacete et al., 2008; Pérez-
Alfocea et al., 2010; Ghanem et al., 2008, 2011). These signals could act either 
independently and/or cooperate to impact various processes in the shoots. The 
increased water use efficiency by subsoil salinity treated plants might be due to the 
ABA signaling. 
Under heterogeneous salinity conditions, increases in shoot Na concentrations 
(Hajji et al., 2001; Hamed et al., 2008; Messedi et al., 2004 Bazihizina et al., 2009) 
was observed in the present experiment compared to homogeneous salinity. But less 
Na accumulation in the leaves was reported under non-uniform than under uniform 






this present experiment on date palm, it can be noted that though the plants were 
exposed to an increased salinity level of 9000 ppm, the Na concentration in the roots 
and leaves are far below the toxicity limit of 40 mg/g dry weight as indicated by 
Kirkby (1992). Date palms have an apparent mechanism for ion exclusion at the root 
level, as was measured for sodium and chloride by Furr et al. (1966) and Tripler et 
al. (2007). Work by Greenway and Munns (1980); Djibril et al. (2005) suggested that 
such a mechanism and subsequent tolerance levels in dates are cultivar specific. Na 
extrusion to the apoplast or external environment had been reported by Blumwald et 
al. (2000); Tester and Davenport (2003); Zhu (2003); and Apse and Blumwald 
(2007).  
The capability to balance and maintain root growth and functions demands 
copious supply of K to the root tips as meristems do require high cytoplasmic K 
(Jeschke and Wolf, 1988; Wyn Jones and Gorham, 2002). With the heterogeneous 
salinity setting, the shoot-to-root recycling of K, through phloem could in fact serve 
an influential role in providing K to the roots on the high-salinity side. In the present 
study, homogeneous or heterogeneous salinity conditions had not affected the K 
concentration of younger and oldest leaves though decrease in shoot K 
concentrations under heterogeneous salinity has been reported by Messedi et al. 
(2004); Hamed et al. (2008); Bazihizina et al. (2009). All the plants under all the 
salinity treatments were able to possess K concentrations between 9-10 mg/g dry 
weight in primordial leaves and more than 4 mg/g dry weight in adult older leaves 
(Alzeyoudi, 2014) required for optimal growth. In date palm, the physiological basis 
and footing of salt tolerance was recognized as a strict control on Na and Cl 






Soil salinity does harm growth of plants principally due to osmotic stresses 
and ion toxicities (Munns and Tester, 2008; Gorham et al., 2009). Due to high soil 
salt concentrations, roots find it difficult to absorb water due to the decrease in the 
osmotic potential and the progressive accumulation of salts in plant tissues leads to 
ionic toxicities (Munns and Tester, 2008). Plants can thrive under osmotically 
stressed conditions if they can accommodate osmotic adjustments. The primary 
means of osmotic adjustment is by serious uptake of inorganic ions (Shabala and 
Lew, 2002; Flowers and Colmer, 2008; Hariadi et al., 2011). In the present date palm 
experiment, both homogeneous and heterogeneous salinity treated plants contained 
higher N concentration in their leaves compared to control plants with no saline 
treatment. No variation was observed among the dry soil treatment plants. Though 
the younger leaves contained enough P concentration of 1.5 mg/g dry weight 
(Alzeyoudi, 2014), the oldest leaf showed a deficiency of P in control plants and 
heterogeneous salinity-treated plants with added salt in the upper compartment with 
values less than 1 mg/g dry weight required for optimal growth. Except the control 
plants, all other treatment plants were deficient in P under dry soil treatment. The 
lower concentrations of P may be due to the lower levels of phosphorus fertilization 
applied, to provide a conducive atmosphere for the growth of AM fungus. All the 
plants under all the dry soil and salinity treatments were able to possess K 
concentrations between 9-10 mg/g dry weight in primordial leaves and more than 4 
mg/g dry weight in adult older leaves (Alzeyoudi, 2014) required for optimal growth. 
Almost all the plants in both salinity and dry soil treatments possessed lesser 
concentration of Ca (<4mg/g dry weight) and Mg (<2.2 mg/g dry weight) in their 
younger leaves than the minimum concentration required for optimum growth 






weight) and Mg (2.2 mg/g dry weight) than the minimum requirement was observed 
in the adult leaves of some treatments. Though the younger leaf showed more than 
the required minimum Cu concentration of 4 μg/g dry weight (Alzeyoudi, 2014) 
under all the salinity and dry soil treatments, the oldest leaf showed a deficiency in 
most of the treatment plants with values less than 6 μg/g dry weight. All the treated 
plants contained more than the minimum requirement of Mn in their young (>15 
μg/g dry weight) and oldest leaf (>30 μg/g dry weight). Some of the dry soil and 
salinity treatment plants contained lesser than the minimum concentration of Fe in 
their young (<40 μg/g dry weight) and oldest leaf (<140 μg/g dry weight) required 
for optimum growth of date palm. It is also interesting to note that the concentrations 
of Mg, Cu and Mn were much higher in the lower compartmental roots compared to 
the upper compartmental roots under both dry soil and salinity treatments. Increased 
Fe concentration in the lower compartment roots relative to upper compartment roots 
were observed only in dry soil treatments.  
It can be noted from the present experiment that the percentage of 
mycorrhizal colonization is not affected by the dry soil treatments. A marginal 
increase was noticed only in the lower compartmental roots of the alternate cycles of 
wet and dry treatment. Stevens et al. (2011); Birhane et al. (2013); Zhao et al. (2015) 
reported an increased mycorrhizal colonization with increasing intensity of drought 
stress while Kohler et al. (2009); El-Mesbahi et al. (2012) recorded a decline. 
However a drastic decline in colonization was noticed with the increase in the 
salinity levels. Salinity affects not the host plant alone but the mycorrhiza too. A host 
of researchers have documented the negative effects of salinity on fungus (Hirrel and 
Gerdemann, 1980; Ojala et al., 1983; Menconi et al., 1995; Poss et al., 1985; 






Sheng et al., 2008). It is widely believed that arbuscular mycorrhizal fungal 
symbiosis protects host plants from detrimental effects of water stress (Auge´, 2001; 
Abdel-Fattah et al., 2002; Porcel el al., 2003; Ruiz-Lozano, 2003; Augé et al., 2007; 
Asrar et al., 2012; Lazcano et al., 2014; Ortiz et al., 2015) and salinity (Evelin et al., 
2009; Kumar et al., 2010; Khalil et al., 2011; Sheng et al., 2011; Porcel et al., 2012).  
Benign effects might be related to mycorrhiza-mediated actions on the absorption of 
water, uptake of nutrients and increased photosynthetic capacities (Mukerji and 
Chamol, 2003; Al-Karaki, 2006; Augé et al., 2007; Smith and Read, 2008; Miransari 
et al., 2008; Michalis et al., 2013; Li et al., 2014).  
While arbuscular mycorrhizal fungi are well known to increase plant 
phosphorus uptake (Sharifi et al., 2007; Cavagnaro, 2008; Shokri and Maadi, 2009; 
Kaya et al., 2009; Ortas, 2010; Ortas et al., 2011; Borde et al., 2011; Mardukhi et al., 
2011; Sharif and Claassen, 2011; Mohammadi et al., 2011; Hart and Forsythe, 2012; 
Treseder, 2013; Hodge and Storer, 2015), in the present experiment on date palm, 
almost all the leaves contained very lower concentration of this nutrient. Mycorrhiza 
had not influenced the uptake of this nutrient under both salinity and dry soil 
treatments.  
AM fungi also enhances the uptake of nitrogen (Subramanian et al., 2006; 
Leigh et al., 2009; Kim et al., 2010; Mardukhi et al., 2011; Habibzadeh et al., 2013), 
potassium (Rabie and Almadini, 2005; Al-Karaki et al., 2001; Al-Karaki, 2006; 
Sharifi et al., 2007; Kaya et al., 2009; Abbaspour, 2010; Latef and Chaoxing, 2011; 
Mardukhi et al., 2011), Calcium (Cantrell and Linderman, 2001; Yano-Melo et al., 
2003; Sharafi et al., 2007), Magnesium (Giri et al. 2003; Giri and Mukerji, 2004; 






2014). AM fungal effects on plant micronutrient nutrition are mixed and variable: 
there are reports of enhancing effects (Clark and Zeto, 2000; Karagiannidis et al., 
2007; Javaid, 2009; Leigh et al., 2009; Veresoglou et al., 2010), diminishing effects 
(Gao et al., 2007; Li et al., 2008) and nil effects (Aryal et al., 2003; van der Heijden 
et al., 2006). In the present experiment, the concentration of Ca, Mg, Cu and Fe in 
the oldest leaves was below the optimum levels needed for the better growth of the 
plant. Mycorrhizal inoculations with the native strains were not able to increase the 
concentrations of Ca, Mg, Cu and Fe in both dry soil and salinity treatments.  
 
3.5 Conclusion 
 This horizontal split-root experiment was conducted to study the effect of 
homogeneous and heterogeneous saline and moisture conditions in the soil profile of 
date palm. Plants under partial rootzone drying remained unaffected by the 
heterogeneous moisture regimes in the rooting zone unlike the plants under salinity 
treatments which showed a decreased water uptake and dry matter. The decrease in 
the shoot dry matter under higher salinity levels might be due to ABA signaling from 
the roots of the salt stressed compartments. The reduction in dry matter under salnity 
might also be due to the influence of chloride ions which has to be investigated. The 
increased water use efficiency by the subsoil salinity treated plants might be due to 






Chapter 4: 'Double-Root-Grafting' in Prosopis Cineraria 
 
4.1 Introduction 
Prosopis cineraria are indigenous to the UAE, and rightly regarded as an 
adorning ornate tree in the country. It is grown as thick pockets of forest cover in 
parks, or found as individual plants as part of municipal landscaping measures. The 
tree has earned much significance in the recovery and improvement of depraved land. 
Thus Prosopis cineraria are deemed to have a principal stint in the dryland social 
forestry programs. Dryland growth competence entitles this tree as befitting potential 
candidate for this mission.  
Being a multipurpose tree, they suit very much the agroforestry practices of 
arid land ecosystem (Mishra and Sharma, 2003; Kaushik and Kumar, 2003; Singh et 
al, 2007; Basavaraja et al., 2007). Prosopis species prevents soil erosion (Ewens and 
Felker, 2010), stabilize dunes, improve the soil fertility stature (Geesing et al., 2000), 
produce bioenergy biomass, provide fodder and pasturage for ranging livestock 
(Felker, 2009), yield hardwood planks for construction fabrication as beams and house 
furnishing effects (Pasiecznik et al., 2001; Felker, 2009), moderately supply food flour 
for impoverished lot in third world countries (Felker, 2009), and harbor fertile honey 
production. Being able to bear simmering heat shock, acute water shortages, salty 
habitats, growth under haloxeric conditions is in total, remarkable. As a native species 
of UAE, P. cineraria also increase species diversity, richness and density as reported 
by El-Keblawy and Ksiksi, 2005.  
Root properties contributed paramount importance for the inordinate 
adaptation of Prosopis trees to very hostile environment (Toky and Bisht, 1992). 






close-knit shallow zone roots confer rapid and better utilization of rainfall and 
surficial dew too. This facilitates the plants to scavenge the nutrient elements from 
the soil surface. Prosopis sp. being a leguminous plant is also dependent on the 
phenomena of symbiosis with rhizosphere microbes for uptake of nutritional 
elements. A cooperative federation with nitrogen fixing rhizobia helps for nitrogen 
acquisition and the colonial alliance of fine roots by AM fungi promotes uptake of 
phosphorus, nitrogen and micronutrients (Dixon et al., 1993; Kulkarni and Nautiyal, 
1999).  
Well-understood of P. cineraria for its good-adapted abilities for barren 
lands, further improvement of its water use efficiency, salt tolerance and nutrient 
acquisition should present additional potential to conserve irrigation water, and to bio 
remediate underutilised salt degraded soils. Recently studied works show that scions 
of a Prosopis species can possibly be grafted on rootstocks of another species 
(Wojtusik and Felker, 1993; Felker et al., 2000). Grafting has been shown to 
ameliorate salt tolerance (Esta˜n et al., 2005: Martinez-Rodriguez et al., 2008; He et 
al., 2009; Huang et al., 2009, 2010; Flores et al., 2010), better the alkalinity 
tolerance (Colla et al., 2010a), confer resistance against thermal shock injuries 
(Rivero et al., 2003; Abdelmageed and Gruda, 2009) and permit the plants to draw 
and translocate nutrients to the shoot at higher rates (Pulgar et al., 2000; Rivero et 
al., 2004; Leonardi and Giuffrida, 2006; Qi et al., 2006;  Zhu et al., 2008; Rouphael 
et al., 2008a; Albacete et al., 2009; Colla et al., 2010b; Salehi et al., 2010: Huang et 
al., 2010; Bautista et al., 2011). Grafted plants also show and present a heightened 
synthesis of endogenous hormones (Dong et al., 2008; He et al., 2009; Colla et al., 
2010a), a rapid hike in root densities (Öztekin et al., 2009); bettered and reorganized 






metals to the sensitive tissues (Edelstein et al., 2005; Edelstein and Ben-Hur, 2007; 
Arao et al., 2008; Rouphael et al., 2008a; Savvas et al., 2009).  
Several research and development projects have already focused on screening 
P. cineraria cultivars for the desired traits (Atta-Krah et al., 2004). Grafting 
compatibility within the same genera offers the opportunity to extend the screening 
for desired root traits and adaptations limits for different Prosopis species. Grafting 
in young woody plants has focused largely on fusing the plant aerial part (the 'scion') 
with the subterranean parts of another (the 'rootstock'). This commands identical 
growth rates of the rootstock and the scion plant. Species having adaptations to 
salinity, good survival in poor nutrient or dry soils frequently exhibit a smaller 
growth habit, making conventional grafts quite difficult.   
Complete plant fusion with an additional root system is also possible. A P. 
cineraria plant could be fused with an additional root system even of a Prosopis 
species with a smaller growth habit by this technique. The extent to which the 
additional root system properties complement the scion root traits have not yet been 
studied in any plant species. Additional root system of a salt and/or drought tolerant 
plant can assist plant uptake of water and nutrients from dry or saline soils.  
Additional root system derived from a more drought-sensitive tree species 
might trigger the production of phytohormones (e.g. abscisic acid), activating water 
saving responses in the shoot even at soil moisture levels that are not perceived as 
'stressful' by the scion plant. This can decrease the plant shoot water requirements 
and promote water use efficiency (Loveys et al., 2004). This trial was initiated with 
the objective of producing double-rooted grafts of P. cineraria and to test them 






nutrient uptake capability, their interaction with soil microbes and survival of fine 
roots under extreme stress constraints. 
 
4.2 Materials and Methods 
4.2.1 Experimental Location 
Totally three (3) experiments were conducted for the production of double-
rooted grafted plants by approach grafting. Among the three experiments, two were 
performed in vivo and one in vitro. The in vivo trials were carried out in the 
greenhouse of Al Foah Experimental Farm of the UAE University and in vitro 
experiment was conducted in the tissue culture laboratory.  
 
4.2.2 Experiment 1 
4.2.2.1 Plant material and its preparation 
Fresh well matured seeds of P. cineraria and P. juliflora were collected 
during the summer of 2012 from the Al Foah farm. The collected seeds were dried 
completely. To enhance the germination percentage of the seeds, the seeds were 
mechanically scarified using sand paper, minute-dipped in clorox, washed well with 
tap water, soaked in water for two days and then sown. Sseed treatment produced 
more than 90 percent seed germination. The soaked seeds were sown in germination 
trays filled with soil from the sand dune near Al Foah (24
021’03.4”N 55048’42.9” E) 
farm and then fertilized (Table 60). The germination trays were kept in the greenhouse 
maintaining a favourable temperature and humidity necessary for good growth. The 






Two weeks after sowing, the healthy seedlings were transplanted to small 
round black plastic pots of 15 cm height with a volume capacity of 2 litres filled with 
fertilized soil (Table 61). The plants were monitored and watered regularly.    
 
Table 62: Fertilization of the growth medium for sowing and transplanting of P. 
cineraria and P. juliflora 
 
Nutrient Dosage (mg/kg) Chemical Used 
Nitrogen 150 NH4NO3 
Phosphorus 25 KH2PO4 
Potassium 200 K2SO4 
Magnesium 100 MgSO4.7H2O 
Iron 20 Fe EDTA 
Zinc 20 ZnSO4.7H2O 
Copper 10 CuSO4.5H2O 
 
4.2.2.2 Grafting  
Four months-old seedlings of Prosopis cineraria and P. juliflora were used 
for this approach grafting, done in February 2013. The following plant combinations 
were grafted, P.cineraria vs P.cineraria; P.juliflora vs P.juliflora; P.cineraria vs 
P.juliflora.  To perform the graft, a small portion of the bark was incised and removed 
using a sharp grafting knife and, severed stems of two test plants were laterally aligned 
for compression of the vascular cambium. They were then tightly wrapped with a 
binding parafilm tape. A jute threading was wound over the parafilm seal to secure 
firmness in the sheath-encasing, and to avoid desiccation. It was made sure that the 
stems of grafted plants had the same diameter, and that the proper cut well-exposed the 
cambium.  The set-up was left undisturbed for a month. Each grafting treatment was 






4.2.3 Experiment 2 
The same plant combinations as tested in Experiment 1 (P.cineraria vs 
P.cineraria; P.juliflora vs P.juliflora; P.cineraria vs P.juliflora.) were tested again for 
their ability to form double rooted approach grafts. However, specifically one year-old 
seedlings were used. To test different grafting methods, the bark was either severed 
using a knife (as described in Experiment 1), or using sand paper. The approach graft 
was either done on lower part of the stem, or the still tender and green upper part. 
Severed stems of two test plants were laterally aligned for compression of the vascular 
cambium. They were then tightly wrapped with a binding para film tape. A jute 
threading was wound over the para film seal for securing firmness in the sheath-
encasing, and to avoid desiccation. It was made sure that the stems of grafted plants 
had the same diameter, and that the primary cut well-exposed and exhibited the 
cambium.  The set-up was left undisturbed for a month. This experiment comprised 
twelve treatments with five replicates (single graft per replicate). The plants were set 
up in the greenhouse as completely randomized. 
 
4.2.4 Experiment 3 
This trial was initiated in November 2013.  In vitro approach grafting was 
done between P. cineraria vs P. cineraria only.  
 
4.2.4.1 Pre-treatment of seeds 
Two hundred (200) seeds of P.cineraria were washed with tap water, and 
then rinsed twice with sterilised water under the laminar hood. They were then 
surface–sterilised with 30% sodium hypochlorite for ten minutes with constant 
agitation inside the hood. After rinsing the seeds thrice again with sterilised water, 






4.2.4.2 Preparation of MS Medium 
MS medium 4.4 g, sodium di hydrogen orthophosphate 200 g and sucrose 30 
g were added to one litre of water taken in a flask and the pH adjusted to 5.8 using 
0.1N sodium hydroxide. After adjusting the pH, 1.5 g sucrose and 8 g agar was added 
and mixed well. The flask was plugged tightly and autoclaved for 20 minutes. The 
contents were transferred to sterile Petri dishes and polycarbonate magenta boxes and 
sealed with parafilm. They were allowed to cool down for 24 hours. 
 
4.2.4.3 Sowing and transplanting 
Ten (10) seeds were put into one Petri dish, and the latter was then sealed 
with parafilm. Ten days after sowing, the germinated healthy seedlings were 
transferred to polycarbonate magenta boxes holding MS-medium. These were also 
para film-sealed, and kept undisturbed and untouched.  
 
4.2.4.4 Grafting 
Two weeks later, approach-grafting was done after wounding the stem with a 
sharp sterilised blade. Plant pairs for grafting were wrapped with sterilised teflon 
taping, and the grafted plants were transferred to MS medium in magenta boxes. The 
entire process was conducted inside laminar flow under well sterile conditions. After 
sealing the magenta boxes with parafilm, they were kept undisturbed for a month. 
Overall, 50 approach grafts were performed in total. 
 
4.3 Results and Discussion 
In Experiment 1 and 2, none of the grafting attempts were found successful. 
For in vitro grafting, two successful grafts were obtained (Figure 71).  Though callus 






2, they separated apart after 3-4 days. Necrotic cell deposits were also noticed in some 
of the unions. However the successful plants produced in vitro remained attached till 
out planting. The failure in evolving successful graft unions should be reasoned as due 
to a high degree of grafting incompatibility prevalent amongst Prosopis species 
(Wojtusik and Felker, 1993). 
 
Figure 71: Images of successful in vitro approach-grafts (A) before and (B) after 
transfer to planting pots ex vitro. 
 
Graft compatibility response is a complex mechanism with varied interactions 
of physiological, biochemical and anatomical characteristics. However very little 
knowledge exists on the biochemical basis for the incompatibility and the molecular 
mechanism possibly involved in the typified responses (Pina and Errea, 2008). 
Formation of a successful graft is a quite complex process both in biochemical and 
structural terms. It involves an immediate wound responsive action, formation of 
callus, new vascular tissue establishment and formation of a vascular system that is 
functional between both partners. However when divergent genotypes are grafted, they 
do not always form a very successful union and reveal their disagreement in the form 
of incompatibility (Pina and Errea, 2008). Callus formation occurs as a wound reaction 
and with both compatible and incompatible grafts (Pina and Errea, 2005). With 






possibly be due to callus growth, cell wall composition differences as well as defense-
related metabolitic regulation (Usenik et al., 2006; Mng’omba et al., 2008; Hudina et 
al., 2014).  In previous studies, plasmodesmal coupling was higher between the callus 
cells than found in between cortex cells, indicative of the fact that callus cells do 
perform a key role in scion/rootstock interaction and late rejection is a predetermined 
action, the fate of which is already set at the initial steps of any union formation 
(Darikova et al., 2011; Pina et al., 2012). Phloem proteins, RNA and hormones, these 
macromolecules present in the sap phloem might also be important during vascular 
differentiation in the process of discerning compatibility (Pina and Errea, 2005). 
The initial step of reaction that occurs post grafting is response of wounded 
tissue: i.e., enhanced phenolic biosynthesis and some of these phenols getting 
polymerized to form tannins due to oxidative enzyme activity (Cooman et al., 1996). 
PAL (phenylalanine ammonia-lyase) genes are transcriptionally activated by grafting 
in callus unions during the first step of union development. A high level of PAL 
transcription in graft unions of incompatible partners was noticed where a lack of 
adaptation between stock and scion took place (Pina and Errea, 2008).  
Phenols and polyphenols accumulate in the graft-union tissue; but their 
compositional changes in case of graft incompatibility result in marked metabolic 
disorders (Gebhardt and Feucht, 1982). Mng’omba et al., (2007) reported that 
accumulation of phenolic and necrotic cell deposits, poor or a high level of callusing at 
the point of union and possibly specific incompatibility reactions were implicated as 
the causes of graft incompatibility in Uapaca kirkiana trees.  
Pina and Errea (2008) suggested that the protein UDP-glucose 
pyrophosphorylase could be related to the graft compatibility/incompatibility response. 






in scion-rootstock interactions. Increase in phenol contents has also been associated 
with the reduced compatibility of the graft partners at early and late stages of graft 
development.  Recognition of structural phenolic diversity is of much interest because 
of the underlying physiological roles characteristic of these compounds during the first 
steps toward graft establishment (Pina and Errea, 2008). Diverse phenolic compounds 
have been involved in processes of division, development and differentiation into new 
tissues (Errea, 1998). Hudina et al. (2014) indicated that not only catechin, epicatechin 
and procyanidins, but even arbutin and several flavonols are involved in the process of 
graft incompatibility. Mng’omba et al., (2007) concluded that phenols, especially ρ-
coumaric acids and flavonoids caused poor callus formation at the graft union, and 
hence reflective of graft incompatibility. Though Pisani and Distel (1998) reported 
high level of phenols in Prosopis sp., the exact reason for this incompatibility in the 
present experiment is not known. The incompatibility may be due to high 
accumulation of phenols in Prosopis sp. but has to be further investigated. 
Successful grafting of Prosopis species was reported in some earlier studies 
using differential techniques for scion and rootstock unification (Felker et al., 2000). 
To the best of my knowledge, the present study was the first to attempt an approach 
graft in Prosopis species. It is well possible that a lower rate of success in our trial 
compared to previous studies was due to the type of grafting technique that was used.  
The two successful in vitro attempts achieved in the current experiments, 
suggests that P. cineraria is not completely incompatible to self-grafting, and that with 
the right technique and possibly under suitable environmental conditions, unions can 
be achieved. Felker et al. (2000) reported that successful graft unions were obtained 
under partial shade compared to full sunlight. Even in the present experiment the 






However no success was realized. The in vitro grafts were performed on particularly 
young plants, so that one could speculate that early grafts could be more successful 
than later ones.  
 
4.4 Conclusion 
In conclusion, the current study confirms earlier findings suggesting that 
incompatibility is a major challenge in grafting approaches involving Prosopis species. 
However two successful in vitro self-grafts of P. cineraria proved that communion 
and affinity does exist. Further research is needed on these lines to refine and enrich 
the low grafting potential of P. cineraria. Further research could help to refine grafting 














Experiments of this study aimed at elucidating whether root colonization by 
AM fungi would increase the ability of plants to take up nitrogen, phosphate or 
potassium from saline soil. Different from previous experiments, plants of our trials 
were exposed to salinity only with a part of their root system, allowing them to 
acquire water and other nutrients from a non-saline medium. It was hypothesized that 
under such conditions, host plants would be better able to sustain the AM symbiosis 
compared with plants exposed to complete rootzone salinity, allowing their 
symbiotic partners to support them well in acquisition of nutrients from saline soil. In 
sudan grass, partial rootzone salinity had indeed no negative effect on plant growth, 
and at the time of the final harvest, there was no difference in the extent of AM root 
colonization depending on whether the roots were exposed to saline or non-saline 
soil. However, against our hypothesis, no net contribution of the AM symbiosis to 
the uptake of P, N or K from saline topsoil overlaying a non-saline lower root 
compartment could be observed. Even in control treatments exposed only to non-
saline soil, no contribution of the AM symbiosis to nutrient uptake or growth could 
be observed.  
Though strains of AM fungi show little host specificity, they seem to differ 
considerably in their adaptations to certain soil conditions. Thus it is possible that in 
this first trial using a Glomus spp. isolate from England, poor adaptation of the AM 
fungus to soil conditions of the UAE led to a poor functioning of this symbiosis.  
In the second trial on tomato plants, roots were colonized by a population of 
AM fungi obtained from the area where the experiment was conducted, and where 






of the AM symbiosis to nutrient uptake from saline or non-saline soil could be 
observed. Reasons for this remain speculative. It cannot be excluded that the 
experimental set-up was not ideally suited to serve the aim of the experiment. In 
particular, rooting densities in root compartments might have been too high, leaving 
very little non-rooted soil for the AM fungi to explore. The nutrient solution in the 
lower compartment might have become too warm in the greenhouse, thus hampering 
sufficient nutrient and water uptake from roots exposed to non-saline soil.  
Based on a wide range of conventional pot experiments, where a contribution 
of the AM symbiosis to plant growth and nutrient uptake could be demonstrated, the 
use of this plant/fungal symbiosis in agriculture or horticulture has often been 
proposed. Inocula based on AM fungi are on the market since around two decades. 
The results of the present study suggest, that even when host plant roots are well 
colonized by AM fungi, a net contribution of the symbiosis to growth and nutrient 
uptake is not guaranteed. Whether AM fungal contribution to nutrient uptake could 
generally be lower on saline soils, such as the one used in this experiment, deserves 
further investigation. On sandy soils, fixation of nutritional ions to the matrix may 
not play a big role, and thus nutrients may be well able to reach the root surface via 
diffusion. Under such conditions, AM fungal root colonization might not be of much 
advantage over the non-mycorrhizal status.  
In date palm, increased salinity levels led to a reduction in the 
evapotranspiration rates while these remained unaffected by the partial root zone 
drying treatments. In many earlier studies, increases in the water use efficiency in 
response to partial rootzone drying have been reported for various crops. Reasons for 
the absence of such effects in the date palms of this study could lie in the relatively 






drying for a period of ten weeks only. This may have been too short to translate into 
water use differences in a slow growing perennial plant like the date palm. However, 
subsoil salinity resulted in an increased water use efficiencycompared with most 
other treatments. Due to the decrease in water influx by the subsoil salinity, chemical 
root-to-shoot signaling might be produced by water stressed subsoil roots in the form 
of ABA and transferred to shoots ultimately resulting in increased water use 
efficiency.  
Many plants of arid lands rely on subsoil water pools for survival. In places 
where the saline ground water table is shallow, the plants are exposed to subsoil 
salinity with non-saline topsoil. Under these conditions, salt tolerant plants like date 
palm can be successfully grown with reduced amounts of water needed for irrigation 
particularly in countries like UAE facing shortage of good quality water for 
irrigation.  
. In future studies, the second experiment done on tomato plants could be 
repeated with date palm or some native plant species with slight modifications in the 
design of the pots. These could need to have a larger size pot, and eventually a 
substrate instead of a solution could be used in the lower compartment. Future 
experiments should focus on the right combination of plant and AM fungal strains 
for ground-level implementation of AM capabilities in the outdoor field on a larger 
aridland expanse. In date palm, in future studies more focus need to be given to the 
mechanisms involved in increased water use efficiency by heterogeneous salinity in 
the rooting zone with emphasis on root to shoot signaling and the contribution of 
ABA. 
The role of AM fungi in maintenance of soil structure, soil carbon 






knowledge gaps would continue to stimulate a more effective dialog between 
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